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Chapter I 
General introduction 
The earlier hearing disorders are diagnosed in infants and children the sooner 
treatment and revalidation can be organised. Consequently. determining the hear-
ing at the youngest age possible is important to promote the development of lan-
guage and communication. Brainstern response audiometry has the special ad-
vantage of being an objective method. Cooperation of the patient is not required 
so it can be applied even in the young children. 
It is the aim of the present study to assess the reliability of this method by com-
paring with data obtained with pure tone audiometry. For the latter cooperation 
of the patient is essential. Therefore this type of investigation is not possible in 
children and has to be achieved in (cooperative) adults. 
Definitions 
In brainstem response audiometry an auditory stimulus is repeatedly presented to 
the patient through a headphone or in some cases through a bone conductor 
(fig. I). The stimulus most frequently used is a click. The click. used in this 
study. is a short acoustic stimulus (duration 100 microsec) with a wide frequency 
spectrum (chapter 1!. fig.!). The electrical activity of the brain stem in the 15 ms 
STIMULUS 
GENERATOR 
click 100 fLS 
20/s 
Fig. I 
TRIGGER 
AMPLIFIER 
AVERAGER 
T=15ms 
N=2048 
BANDFILTER 
10·4000 Hz 
Schematic rcpresentaJion of rite measurement situarion. Fu!f deKription of the 
equipment and measurcmcltf procedure is giwn in chapter !f. 
following each click was measured using skin electrodes on the vertex of the head 
and on both mastoids. Averaging of the measured post-stimulus epoch results in a 
pattern of 5 peaks (peaks I-V). A typical example of such a response pattern is 
given in fig.2. The measurement is started at a high stimulation level (l00 or 
90 clBnHL) and. if the response shows peaks to be related to the response pattern. 
is successively repeated at lower levels. The lowest stimulation level at which a 
reproducible response can be detected is defined as the response threshold level. 
The abbreviation dBnHL stands for decibels normal Hearing Level: i.e. the level in 
decibels relative to the subjective click threshold level of the stimulus in subjects 
with normal hearing. 
Another important feature of the auditor)' brainstem response is the latency of 
the various peaks. measured in ms from the onset of the stimulus. The latency of 
a peak can be plotted as a function of the stimulation level (chapter IV. fig.2). In 
the literature this curve is called the latency-intensity curve. In the present work 
we prefer the term latency-Level curve (l(L) curve). because it is inconect to use 
the word intensity for a quantity. measured in decibels. The position of the I (L) 
curve is studied relative to a reference curve. based on data of subjects with 
normal hearing. 
In brainstem response audiometry further the time interval between peak J and 
peak V is considered to be of clinical importance. A prolonged interval is 
regarded as an indication for retrocochlear pathology. 
In the present study we focus on the response threshold and the position of the 
I(L) curve as instrument to determine the amount and type of peripheral (i.e. 
cochlear and conductive) hearing Joss. 
Introduction 
The principle of brainstem response audiometry was described by Sohmer and 
Feinmesser in 1970. Its value in audiological practice. particularly for the detec-
tion of retrocochlear pathology. has been reported in the classical papers by 
Jewett et al.(l970. 1971). Thornton (1976). Selters and Brackmann (1977) and Ter-
kildsen et a1.(1978). In the years following the introduction of the method in our 
clinic in 1979 by Rodenburg and Van Olphen (Van Olphen (1983)). there has been 
a growing appreciation of its value for estimating the hearing level. together with 
a growing awareness of its limitations. Two aspects of brainstem response audio-
metry in particular were considered to need investigation: the reliability of this 
method for estimating the amount of hearing loss in various types of hearing loss 
and its value for distinguishing between types of hearing loss. As to the second 
issue it may be noted that auditory brainstem responses can be elicited using bone 
conducted stimuli. However. for practical reasons. to be discussed in the section 
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on bone conduction in this chapter. we have not studied the feasibility of using 
bone conducted stimuli. 
To test the reliability of brainstem response audiometry. it is necessary to com-
pare the results obtained with some other method for measuring hearing capacity. 
The most suitable test for comparison is the subjective pure tone audiogram. 
However. this imposes restrictions on the conclusions of the investigation for the 
following reasons. First. pure tone audiometry and brainstem response audiometry 
are basically different methods for measuring different phenomena. The pure tone 
audiogram involves the entire auditory system from the external auditOI)' canal to 
the cerebral cortex where the auditory sensation is perceived. In brainstem 
response audiometry. on the other hand. electrical phenomena are recorded that 
are generated up to the midbrain level. Another difference concerns the stimulus. 
In pure tone audiometry a continuous tone (duration >300 ms) of variable frequen-
cy is used. In brainstem response audiometry the stimulus is a click (duration 
0. I ms). the spectrum of which contains all audiogram frequencies. A priori there-
fore. one should not expect pure tone thresholds to be strongly correlated with 
the auditory brainstem response threshold. This problem is assessed in the discus-
sion in chapter II. A further restriction on our investigation was a practical one: 
to obtain reliable tone aucliograms for comparison with the brainstem response 
data. we were primarily confined ro a test population of adult subjects. for tone 
audiometry is not possible in the infant population (0-3 year). However. it was 
demonstrated (Lary et al.(!985). Van Zanten et al.(l987)) that the brainstern 
response threshold at term age is about the same as found in adults. As for the 
latency of peak V. adults values were found in children from the age of three. In 
younger children the latency is prolonged (Despland and Galambos (1980)). For 
comparison with adult data correction factors were reported by Finitzo-Hieber et 
a1.(1978). 
Estimation of the amount of hearing loss 
The first issue is the reliability of the auditory brainstem response threshold as 
an estimate of ti.1e hearing Joss. Some consider that this response threshold gives 
a poor estimate of hearing loss. (Jerger and Mauldin (I 978). Coats and Ma11in 
(1977) and Bellman et al.(l984)). Our own clinical experience did not confirm this. 
Therefore we assessed the brainstem response threshold and its relationship to the 
subjective pure tone audiogram in cochlear hearing loss (chapter II) and in con-
ductive hearing loss (chapter VI). 
4 
Inaccuracy in measurement 
As the position of the· patient l(L) curve is used for quantitative diagnostic pur-
poses. it is necessary to assess the inaccuracies involved in the measurement of 
this l(L) curve. Furthermore this knowledge is required to allow for certain sta-
tistical methods to be used for comparing brainstem response data with the pure 
tone audiogram. The measurement inaccuracies were studied in a test-retest ex-
periment. the results of which are discussed in chapter III. We were interested in 
the accuracy of both the response threshold and the latencies of the various 
peaks in the response for ali stimulation levels. The combination of these data is 
used to assess the amount and the type of hearing losses. as will be shown in the 
chapters IV and V. 
Discrimination between different tvpes of hearing loss 
The reliability of the classification of cochlear. conductive and mixed hearing loss 
has consequences for the choice of treatment. being very different for the various 
conditions. Since most investigations are carried out in a critical period of speech 
development (0-4 years) it is important to know the reliability of the 
classification of hearing losses exclusively based on brainstem response data. This 
subject. not previously been discussed in literature. will be dealt with in chapters 
IV and V. 
Discrimination between different types of hearing loss without response threshold 
available 
In the "Sophia" Children·s Hospital of the University Hospital Rotterdam. most 
patients are measured without sedation or general anaesthesia. In about 15% of 
the cases it is not possible to determine the response threshold because the pa-
tient is restless. Such restlessness causes a poor signal to noise ratio. resulting in 
the absence of the lower part of the l(L) curve and thus of the response thresh-
old (being the lowest level point) too. This condition can be simulated by 
randomly truncating the lower parts of the I(L) curves in adult patients. In chap-
ter VI we have shown the extent to which it is possible to determine the type of 
hearing loss. in a way similar to the method described in chapter V. when only 
the horizontal shift of the latency-Level curve and of its first derivative (see 
chapter IV for definition) can be used as parameters. 
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Bone conduction in brainstem response audiometry 
The literature is unequivocal about the use of bone conduction in brainstem 
response audiometry. Hofmann and Flach ( 1981 ). Baschek et al.( 1981) and Hooks 
and Weber (1984) found that the combination of the air-conducted and the 
bone-conducted brainstem response threshold 'is a reliable instrument for estima-
ting the air-bone gap. Mauldin and Jerger 0 979) advocated another parameter of 
the response to predict the air-bone gap in the tone audiogram in conductive 
hearing loss: they detennined the air-bone gap by measuring the horizontal shift 
of the air-conducted l(L) curve relative to the bone-conducted I(L) curve. This 
method appears to be a reliable tool. Kavanagh and Beardsley (1979). however. 
reported problems such as low amplitudes. poor wave configuration and calibration 
difficulties. Consequently they found the bone-conducted brainstem response of 
limited value in differentiating conductive from cochlear hearing loss. 
A special technique using bone-conducted stimuli in brainstem response audiometry 
is reported by Boezeman et al.(1983a.b. 1984. 1985) and Kapteyn et al.(l983): the 
cancellation method. Their combined use of air-conducted and bone-conducted 
stimuli with controlled phase and level differences was provided an accurate 
measurement of the air-bone gap. but it is rather cumbersome. Hicks (1980) 
demonstrated yet another way of using bone conduction in brainstem response 
audiometry and called it the "Derived Bone Conduction Threshold". In this method 
bone-conducted high-pass noise is used to mask the brainstem response just above 
the level of the response threshold. This method is comparable to the Sensory 
Acuity Level test in standard audiometry (Katz ( 1985)). The resulting prediction of 
the bone-conducted pure tone threshold. although only demonstrated in a few ex-
amples. gives the impression of being quite promising. 
Till date the use of bone conduction in brainstem response audiometry leads to 
theoretical and practical difficulties. First the effect of dispersion of the pulse 
stimulus in the bone conductor itself and between the bone conductor and the 
inner ear is unknown. The derived bone conduction threshold gets round this 
obstacle by using the bone conductor as a masker instead of as a stimulator. The 
practical drawback of all methods of bone-conducted brainstem response 
audiometry is especially great in children. because of the large amount of extra 
time needed. 
Though aware of the possible merits of bone-conducted stimuli in special cases. 
we decided to restrict ourselves in this study to investigating the value of 
air-conducted brainstem response audiometry. 
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Summarizing. the investigations reported in the present thesis were carried out to 
answer the following questions: 
I. What is the relationship between the auditory bralnstem response threshold and 
the pure tone audiogram in cochlear and conductive hearing loss? 
2. How reliable is the classification of hearing losses based on linear discriminant 
analyses of data obtained by brainstem response audiometry? 
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Chapter II 
The relation between the pure tone audiogram and the did~ auditory 
brainstem response threshold in cochlear hearing loss 
J.F.C.v.d.Drift. M.P.Brocaar. G.A.v.Zanten 
Audiology !987. 26: 1-10 
Auditory brainstem response thresholds for 209 ears with cochlear hearing loss were compared 
with the pure tone thresholds. It is shown that the pure tone threshold in the 2 to 4 kHz 
region has a one to one relationship with the ;:~uditory brainstem response threshold. Estimat-
ing the pure tone threshold from the auditory brainstem response threshold. the standard 
error of the estimate is II dB. A small part of this estimation error is due to errors in the 
measurement of the auditory brainstem response threshold and the mean of the pure tone 
thresholds at 2 and 4 kHz. The major part is due to unknown factors. that are involved in 
the physiological relationship between the two thresholds. 
Resume 
Relation entre l"audiogramme et le seuil des r6ponses CvoquCes du tronc cCn!bral au clic dans 
les surdir6s de perception 
Dans 209 oreilles pn!sentant une surdit6 de perception. les seuils des potentiels 6voqu6s du 
tronc c6n!bral 6voqu6s par un clic ont 6t6 compare avec !es seuils subjectifs de !'audiogram-
me. En moyenne le seui! subjectif dans Ia rCgion 2 a 4 kHz est 6gal au seuil objectif. L"es-
timation d"un seuil subjectif a partir d'un seuil objectif se fait avec une marge d"erreur de 
II dB. Les erreurs de determination des deux seuils sent nCg!igeable. La plus grande partie de 
cette marge est due a des facteurs inconnus dans Ia relation physiologique entre ces deux 
seuils auditifs. 
Introduction 
Brainstem electrical response audiometry is generally used to obtain data concern-
ing the hearing of patients. in those cases where subjective audiometry is not 
possible or is unreliable. The subjective pure tone audiogram is the most genera!Jy 
used measure of the human hearing threshold. and the only suitable standard for 
comparison with the objective auditory brainstem response threshold. 
However. these two methods of threshold determination are basically different. 
The measurement of a pure tone threshold involves the entire auditory system. 
from the external canal to the cerebral cortex where the auditory sensation is 
registered. In brainstem electrical response audiometry. on the other hand. electri-
cal phenomena are recorded that are generated up to the midbrain leveL Another 
principal difference is the stimulus. rn pure tone audiometry this is a continuous 
tone (duration >300 ms) of variable frequency. In brainstem electrical response 
audiometry the stimulus commonly used is a click (duration about 0.1 ms). the 
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spectrum of which contains all audible frequencies. Some researchers try to obtain 
frequency-specific brainstem responses by using tone pips. Though such a stimulus 
is more frequency specific. it has been shown by Kileny ( 1981) that the responses 
are much less frequency-specific than the nature of the stimulus would imply. 
This method will not be used here. Despite the differences mentioned above. the 
relationship between the audiogram and the auditory brainstem response threshold 
is of major interest to the clinician. 
To our knowledge only four papers have been published in which a comparison 
between the brainstem response threshold and the pure tone audiogram has been 
based on a sufficiently large number of patients. Coats and Martin (I 977). in an 
elaborate study. compared electro-cochleographic responses. brainstem responses. 
and pure tone audiograms obtained from normal ears and ears with perceptive 
hearing loss. They were primarily interested in the latencies of the brainstem 
response peaks. They also compared the auditory brainstem response thresholds 
with the pure tone thresholds of 53 ears with cochlear impairment and studied the 
correlation between these thresholds. The auditory brainstem response threshold 
correlated best (r=0.65) with the mean of the pure tone thresholds at 4 and 
8 kHz. The slope of the regression line was about 0.9 for the pure tone frequen-
cies I and 2 kHz (table I). The standard error of the estimate was not given. 
Table I. Regression analyses of the relation between the auditory brainstem response th..--eshold. ABR-T. and 
the pure-tone threshold. PTT. in four studies. 
Regression analysis data Jerger and Coats and Beilman Present study 
Mauldin (1978) Martin (1977) et al. (1984) 
Maximum correlation coeff. 0.48 0.65 0.85 0.93 
of PIT with ABR-T (at 1-2-4kHz) (at 4-8kHz) (at 2-4kHz) (at 2-4kHz) 
Most favorable slope of 0.63 ca. 0.9 0.90 1.10 
the regression line (at 4kHz) (at 1-2kHz) (at 4kHz) (at 2-4kHz) 
Minimum standard error 15.8 19.0 11.1 
of the estimate. dB (at l-2-4 kHz) (at 1-2-4kHz) (at 2-4kHz) 
Jerger and Mauldin ( 1978) published an extensive study on the relationship be-
tween the pure tone thresholds and the auditory brainstem response threshold. 
They investigated 275 ears with cochlear hearing loss. They found the best corre-
lation (r=0.48) was with the mean of the pure tone thresholds at l. 2. and 4 kHz. 
This mean value also had the smallest standard error (15.8 dB). 
The slope of the regression line was steepest (0.63) for the regression on the 
4 kHz pure tone threshold. Kavanagh and Beardsley (I 979) tested 23 ears with 
cochlear hearing loss and calculated the difference between the pure tone audio-
gram and the brainstem response threshold. They found this difference to be 
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smallest for pure tone frequencies above 2000 Hz. ranging from 0 to 40 dB: 8 of 
the 23 ears showed a difference of more than 15 dB. Bellman et al.(l984) com-
pared the pure tone and auditory brainstem response thresholds of 56 ears. They 
found a maximum correlation coefficient. r= 0.85. with the mean of the pure tone 
thresholds at 2 and 4 kHz. The smallest. thus most favourable. mean difference 
between the two thresholds was 14.6 dB. for the mean of the pure tone thresholds 
at L 2. and 4 kHz. They also determined the slope of the regression line: this 
slope was 0.9 for the regression of the response threshold on the 4 kHz pure tone 
threshold. The smallest standard error of the estimate. 19 dB. was in the regres-
sion on the mean of the pure tone thresholds at L 2. and 4 kHz. The range of 
the pure tone losses involved was I 15 dB. 
Summarizing the literature. it can be said that the pure tone audiogram and the 
auditory brainstem response threshold correlate best at the high frequencies. This 
is in line with our clinical experience. However. the high standard errors of the 
estimate. the deviation from I in the slopes of the regression lines and the low 
correlation coefficients seen in the literature (see Table I) seem to indicate that 
the auditory brainstem response threshold is not a very accurate way of assessing 
hearing sensitivity. This is not in line with our clinical experience. and we felt 
the need to collect our own reference data. especially with regard to the follow-
ing three questions: 
I. What part of the pure tone audiogram correlates best with the auditory brain-
stem response threshold? 
2. How accurate is the prediction of the pure tone threshold(s) from the auditory 
brainstem response threshold? 
3. To what extent is the accuracy of this prediction affected by measurement 
errors in both threshold determination methods? 
This particular study is limited to cochlear hearing loss. 
Procedures 
Subjects 
Patients with a perceptive hearing loss were recruited as subjects. Most of them 
had suffered hearing impairment for many years and were asked to participate at 
one of their regular control visits. The subjects had to be able to produce a reli-
able audiogram and the hearing loss had not to be of the retrocochlear type. In 
most cases retrocochlear pathology was excluded by the clinical history. ENT ex-
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a•·nination and neurological examination (in this study limited to the examination 
of [he cranial nerves). Where there was any suspicion of retrocochiear pathology. 
stapedial reflex tests. electronystagmography and sometimes computer-tomographic 
X-ray scanning were used to enable further selection. If the results were incon-
clusive. the patient was excluded from the test group. Only patients whose audio-
grams showed a mean air-bone gap less than 7.5 dB and no air-bone gap exceed-
ing 10 dB were included in the test group. Apart from excluding retrocochlear 
pathology and conductive hearing loss. no selection was made on etiology. So the 
etiologies of the hearing impainnems lnvolved in the test group were pres-
byacusis. Menieres disease. hereditary cochlear hearing Joss. and ototoxic medica-
tion. Subjects were selected for whom the mean of the pure tone thresholds at 2 
and 4 kHz were in the 0-120 dB range. This criterion was adopted from the 
literature as presented in the fonner section. We made an effort to obtaln a uni-
fol1l1 distribution of the losses in this range. The rest group consisted of i36 in-
dividuals. 68 males and 68 females. Threshold data were collected for 209 ears. In 
order to calculate the measurement errors of the thresholds. another 10 subjects 
were selected and their 20 ears were investigated twice. within a period of one 
week. 
Equipment 
The click stimulus was generated with a Wavetek 186 signal generator. The click 
had an alternating polarity. an electrical duration of I 00 microsec and a repetition 
frequency of 20 Hz. The stimulus was presented by a TDH-39 headphone. Click 
levels are given in dBnHL (0 dB was defined as the mean subjective threshold in 
three normal-hearing subjects: this corresponded to 48 dBpeSPL). The electrical 
input to the headphone. the sound pressure waveform. and the stimulus spectrum 
are shown in fig. J. 
A two-channel recording was made using vertex-mastoid electrode pairs. A fore-
head electrode served as the ground electrode. Common Ag-AgCI cup electrodes 
were used. Electrode impedances were kept below 2 kQ. The electrode signals were 
multiplied 10.000 times in the 10-4000 Hz frequency band (filter slopes 24 dB/oct). 
A Datalab DL 4000 signal averager was used for averaging 2048 post stimulus 
periods of 15 ms. containing 512 samples each. Artefact rejection was used: post 
stimulus periods containing samples that fell outside the range -12.5 to + 12.5 
microVolts were not processed. The averaged responses were recorded on paper. 
For pure tone audiometry a conventional clinical audiometer was used. with maxi-
mum output levels of 120 dBHL in the frequency region concerned. 
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Waveforms of rhe dt:clrical input ro /he headphone -pand(a)-, of rhe srimulus 
sound pressure -panel(b)-, and the srimulus spr:crrum of the click -panc!(c)-. 
Threshold determination 
Pure tone audiometry was done using the conventional method. The acquisition of 
auditory brainstem responses started at a stimulus level of 90 dBnHL. Depending 
on the result. the stimulus level was increased or decreased in steps of I 0 or 
20 dB. until the threshold level was approached. The threshold level was defined 
as the lowest stimulus level with a peak V in the response. The threshold level 
was determined in 5 dB steps. Reproducibility of the responses at. below and 
above the threshold level was tested. 
Data processing 
Both pure tone thresholds and the auditory brainstem response thresholds were 
processed with the help of a statistical computer program-package (SPSS). The 
correlation of the response threshold with the pure tone threshold was calculated. 
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as well as their mean difference and the standard deviation of the difference. 
Both the relation between the response threshold and the pure tone thresholds 
and between the response threshold and the mean values of pure tone thresholds 
were studied by means of regression analysis. 
In the group of l 0 patients who were investigated twice. the difference between 
the first and the second results was calculated for both thresholds. The standard 
deviation of these test-retest differences was computed. The inaccuracy of each 
threshold was calculated by dividing this standard deviation by ~ 2. 
Results 
Figure 2 shows the distribution of the mean of the pure tone thresholds at 2 and 
4 kHz. In 5 ears with no measurable pure tone threshold at one of these frequen-
cies. 125 dBHL was used in the calculations. Figure 2 shows a fairly uniform dis-
tribution. which was the aim of our patient selection procedure. As the "3 kHz 
pure tone loss" was the only loss criterion for inclusion in the test group. all 
kinds of audiogram shape are present in the test group. Figure 3 shows two ex-
amples of auditory brainstem response patterns. and the corresponding pure tone 
aucliograms. 
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Two examples of auditory brainstem response pafferns and their corresponding 
pure tone audiograms. (a) The audiogram shows a high frequency loss; the audito-
ry brains/em response !hresho!d is 50 dBnHL. (b) The audiogram shows ·a low 
ji"cquency loss: rhe audilory brainstem response threshold is 10 dBnHL. 
The mean difference between the auditory brainstem response threshold and the 
corresponding pure tone threshold is shown in fig.4 (the exact data are also given 
in table II). The figure shows that the absolute mean difference is smallest 
( 1.9 dB) for the mean of the pure tone thresholds at 2 and 4 kHz. 
Table H. Statistical results for the difference between the auditory brainstem response threshold and 
the pure-tone threshold. and results of the regression analysis of the relations between theABR-T and 
the separate frequencies of the pure-tone audiogram. the mean of the pure-tone thresholds at 2 and 4 
kHz and the mean of 1. 2 and 4 kHz. 
Relations PTA-ABR-T Pure-tone frequency (kHz) 
0.25 0.50 1.0 2.0 4.0 8.0 2-4 1-2-4 
Mean difference. dB 19.0 15.4 ll.l 5.0 -6.5 -11.9 -1.9 3.3 
Standard deviation of difference. dB 25.0 22.8 18.2 13.3 14.1 18.6 11.6 11.3 
Correlation coefficient 0.59 0.68 0.82 0.91 0.89 0.81 0.93 0.92 
Slope of the regression line !.11 !.!1 1.13 !.!4 1.12 !.!4 !.!0 1.06 
Standard error of the estimate. dB 22.4 20.9 !7.1 12.6 13.4 !7.1 1!.! 1!.0 
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17u• srandard deviarion of the difference between rhe auditory broinstem response 
threshold and the pure rone threshold as a June/ion of the pure tone .frequency. 
The standard deviation of this difference for the different pure tone frequencies 
is shown in fig.5. It shows that the standard deviation is at its lowest. 11.6 dB. 
for the mean of the thresholds at 2 and 4 kHz. In fig.6 the correlation between 
the auditory brainstem response threshold and the pure tone threshold is drawn as 
a function of the pure tone frequency. This correlation is highest. 0.93. for the 
mean of the pure tone thresholds at 2 and 4 kHz. 
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The corrdafion coefficienr for the auditory brainstem response threshold and the 
pure rone rhreshold as a function of rhe pure rone frequency. 
From the test-retest data it appeared that the inaccuracy of the mean of the pure 
tone thresholds at 2 and 4 kHz was 2. 9 dB. The inaccuracy of the auditory brain-
stern response threshold measurement was 3. 7 dB. 
A scatterplot of the mean of the pure tone thresholds at 2 and 4 kHz against the 
auditory brainstem response threshold is given in fig. 7. together with the regres-
sion Iine as weli as the regression coefficients. 1 
1In fact the regression analysis was done in both directions. yielding two slope coeffi-
cients. Because both thresholds are measurements with about equal inaccuracy. the given 
slope coefficient is the mean of the two slope coefficients. 
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with a pure lone loss of J 25 dBHL and 1hree values wirh J 20 dBHL reprcsenr ears 
with pure tone losses a! 2 and/or 4 kHz of over 120 dB and a recordable peak V 
in the audirory brains/em response at I !0 dBnHL). 
The data are evenly spread around this regression Iine. The standard error of the 
estimate in the regression analysis is It. I dB. 
ln fig.8 the percentage of ears which give a peak V in the auditory brainstem 
response is drawn as a function of the mean of the pure tone thresholds at 2 and 
4 kHz. Up to 100 dBHL a peak V was found in the auditory brainstem response in 
all but 1 cases. ln 19 of the 34 cases where the mean of the pure tone thresholds 
at 2 and 4 kHz was above I 00 dBHL. no peak V could be detected. These cases 
have not been included in the statistical computations. 
Discussion 
Figure 4 shows that the difference between the pure tone threshold and the 
brainstem response threshold is zero at a frequency between 2 and 4 kHz. At 
lower frequencies the difference becomes strongly positive. for higher frequencies 
negative. The absolute difference at 8 kHz is about the same as at I kHz. As is 
shown in fig.5. the standard deviation of the mean difference is lowest. I 1.6 dB 
for the mean of the pure tone thresholds at 2 and 4 kHz. It is also for this pure 
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tone threshold that the correlation coefficient is highest (r=0.93). Taking into 
account that all ears had cochlear hearing loss. which only differed in degree. we 
may conclude that the part of the cochlea sensitive to about 3 kHz dominates the 
auditory brainstern response threshold for dick stimulation. 
Table l shows both the statistical figures mentioned above. and comparable ones 
from the literature. The finding of this study that the mean of the pure tone 
thresholds at 2 and 4 kHz correlates best with the auditory brainstem response 
threshold is roughly in line with the findings in the three papers quoted. Jerger 
and Mauldin (I 978) found that the auditory brainstem response threshold correla-
ted best with the mean of the pure tone thresholds at L 2. and 4 kHz. while 
Bellman et al.(I984) found the best correlation for the mean of the pure tone 
thresholds at 2 and 4 kHz. as we did. The larger influence of the 8 kHz region. 
found by Coats and Martin (1977). deviates slightly from these results. However. 
table I also shows that there are rather large differences in the magnitude of the 
correlation between the different studies. A correlation coefficient of 0.48. found 
by Jerger and Mauldin (1978). and of 0.65. found by Coats and Martin (1977). is 
considerably less encouraging for the clinical use of the auditory brainstem res-
ponse threshold. than the 0.85 found by Bellman et al.(l984). and the 0.93 es-
tablished in the present study. The standard error of the estimate in the regres-
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77u: peranragc of ears with a recordable auditory brains/em response threshold as 
a funcrion of the mean of the pure lone losses at 2 and 4 kHz. 77w rota! number 
of ears tested was 229. The data for 20 ears with no recordable peak V in 1hc 
· auditory brains/em response were nor included in further computarions. 
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sion analysis indicates the degree of accuracy of the prediction of the pure tone 
threshold from the auditory brainstem response threshold. The figure of !1.1 dB in 
this study is considerably more favourable than the 15.8 dB in Jerger and Maul-
din·s (1978) study. and the 19 dB in study by Bellman et al.(1984). Of the four 
studies referred to in the introduction only Bellman et al. mentioned the use of 
artefact rejection. Not using artefact rejection might result in larger differences 
betv.reen the objective and subjective threshold. The large standard error of 
Bellman et al.. 19 dB. might have four causes: the time lapse of up to 8 years 
between the measurement of the two thresholds in an unspecified number of 
cases. the small number of individuals in the test group. the fact that different 
types of hearing loss were involved in that study. and also the fact that the fol-
low-up audiograms were in some cases made in other centers. 
The slope of the regression line for our material is near unity. as it was in the 
study by Bellman et al.. but this was not the case in Jerger and Mauldin's study. 
where the slope was 0.6. In our material the auditory brainstem response thresh-
old itself is the best estimate for the mean pure tone threshold at about 3 kHz. 
and no correction factor is needed. 
To obtain a 95% reliability in the prediction of the pure tone threshold from the 
auditory brainstem response threshold a region of 4 times the standard error of 
the estimate has to be taken into account. So. for instance if one measures an 
auditory brainstem response threshold at 60 dBnHL. this means that the pure tone 
threshold at 3 kHz will be in the range 38 to 82 dBHL with 95% probability. One 
has to keep in mind. however. that two different measurements were correlated to 
arrive at this result. Both measurements contain their own inaccuracy. As the 
slope of the regression line is near unity. both measurement inaccuracies contri-
bute equally to the standard error of the estimate. These measurement inaccu-
racies are 2.2 dB for the pure tone and 3.1 dB for the brainstem result. The in-
tra-individual variance of these thresholds is thus quite low compared to the 
standard error of the estimate. The major part of this error must be caused by 
the inter-individual variance. We can therefore conclude that there are other. still 
unknown. factors that are more important. These factors cause the less than per-
fect linkage between the auditory brainstem response threshold and the pure tone 
audiogram. These factors are probably related to the fact that basically different 
thresholds are involved. 
The contrast between our clinical impression and the reports from the literature 
was the motive for this study. It has been shown that. provided that artefact 
rejection is used. the stepsize in threshold assessment is 5 dB. reproducibility of 
the response peaks at levels near threshold is tested and the responses are always 
judged by the same experienced observers. then brainstem response audiometry is 
a valuable tool for threshold assessment. The method can. as far as the high fre-
quencies are concerned. compete with electrocochleography using tone pips. Spoor 
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and Eggennont (1976) found a correlation coefficient of 0.91 and 0.92 for 2 and 
4 kHz respectively. The slopes of the regression lines for these frequencies were 
0.95 and 0.91 respectively. The histograms in that study suggest a standard error 
of the estimate of about the same magnitude as ours. The fact. that Brainstem 
Response Audiometry is a noninvasive method makes it in our clinical setting the 
method of first choice. 
Conclusions 
In cochlear hearing loss 
1. The auditory brainstem response threshold correlates best with the mean of the 
2 and 4 kHz pure tone thresholds. The correlation coefficient is 0.93. 
2. The relationship between the auditory brainstem response threshold and the 
mean of the pure tone thresholds at 2 and 4 kHz is one to one. 
3. The standard error of the estimate in the relation between the mean of the 
pure tone thresholds at 2 and 4 kHz and the auditory brainstem response 
threshold is 11.1 dB. 
4. This estimation error is only partly due to errors in the measurement of the 
auditory brainstem response threshold and of the mean of the pure tone thres-
holds at 2 and 4 kHz: the error is mainly due to unknown factors involved in 
the relationship between the two thresholds. 
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Appendix to chapter TI 
Brainstem response threshold in nonnal hearing 
N = 40 
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Brainstem response threshold (dBnHL) 
Numba of ears as a fimcrion of rhe brains/em response rlm.:~'ho!d 
i11 normal hearing. 
The testgroup consisted of 12 male and 1 0 female subjects. In this group 40 ears 
were tested. Hearing was considered to be normal if the mean of the air conduc-
tion tone threshold did not exceed 7.5 dBHL and no tone threshold exceed 
15 dBHL. 
The mean brainstem response threshold is 8.0 dBnHL and the standard deviation is 
5.5 dBHL. 
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Chapter III 
Inaccuracies in the measurement of auditory brainstem response data 
in normal hearing and cochlear hearing loss 
J.F.C.v.d.Drift. M.P.Brocaar. G.A.v.Zamen. P.J.J.Lamore 
Audiology. accepted October 1987 
Abstract 
In a test-retest experiment inaccuracies in the measurement of the peak latencies and thresh-
old of the auditory brainstem response were determined for a group with normal hearing and 
for a group with cochlear hearing loss. The inaccuracy of the auditory brainstem response 
threshold is less than 4 dB in both groups. The inaccuracy in latency was measured as a 
function of stimulation level. In both groups the latency inaccuracy of peak V varies from 
0.1 ms at levels we!\ above threshold to 0.2 ms near the response threshold. Analysis of 
variance showed that in subjects with normal hearing the intra- and inter-individual varia-
bilities of the peak V latencies contribute about equally to the total variance at all stimula-
tion levels. The implications that these findings have for the determination of the horizontal 
shift of the latency-Level curve are discussed. 
R6umC 
Imprecision des rCponses evoquCes du tronc cerebral chez les sujets normaux et dans les sur-
ditCs cochll!aires 
Par une expCrience de test et de retest les inexactitudes des latences des pies des potentiels 
Cvoqu6 auditifs du tronc cerebral et !"inexactitude du seuil de ce potentiel sont determinCes 
pour un groupe des sujets normaux et pour un groupe des patients avec une surditC de per-
ception. Dans les deux groupes. rinexactitude du seuil du potentiel Cvoqu6 auditif du tronc 
cerebral est infCrieur 3 4 dB. L"inexactitude des !atences des pies CCpend du niveau de la 
stimulation. L"inexactitude de Ia latence du pic V est 0.1 ms aux niveaux fort au-dessus du 
seuil et augmente jusqu·a 0.2 ms aux niveuax jusqu·au-dessus du seuil. Une analyse de !a 
variance de Ia latence du pic V dans !e groupe normal demontre que Ia variance intra-in-
dividuelle et la variance inter-individuelle sent approximativement de grandeur Cgale pour tous 
les niveaux de Ia stimulation. Les implications de ces inexactitudes sont discutCes pour Ia 
determination du dCplacement horizontal de Ia courbe de Ia latence et de !"intensitC. 
Introduction 
The two parameters which are used for clinical assessment in brainstem audiome-
try are the peak latencies (of the peaks l. lll and V) and the response threshold. 
Two goals can be distinguished: measurement of hearing level and detection of 
retrocochlear pathology. 
For the detection of retrocochlear pathology the latencies of peaks l. lii and V 
are used. The combination of the brainstem response threshold and the peak 
latencies gives information for audiometric evaluation. 
For audiometric interpretation of brainstem responses the latency-Level curve 
(l(L) curve) is a useful tool. The entire l(L) curve shifts by the conductive com-
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ponent of a hearing loss in a direction parallel to the level axis (McGee and 
Clemis (1982)). The reliability of the peak latencies at all stimulation levels be-
comes important. if the latency shift is to be used as a measure of the conductive 
hearing loss and as such is repeatedly determined when following the course of a 
disease and/or therapy. It is thus essential to be able to differentiate between the 
latency shift caused by a real change in middle ear function and that caused by 
inaccuracies in the measurement. Since the amount of conductive hearing loss is 
measured by the shift of the I(L) curve in the level direction (i.e. in dB) inac-
curacies in the measurement of the peak latencies (in ms) have to be converted 
into equivalent inaccuracies in the stimulation level (in dB). 
It is our impression that in clinical measurement near the threshold the signal to 
noise ratio becomes less favourable and the peak V tends to become wider. This 
phenomenon means that the determination of the latency of peak V is less ac-
curate at low stimulation levels. As. when determining the overall latency shift of 
the curve. errors in the measurement have to be converted into errors in the 
stimulation level. the measurement inaccuracy of the latency is just as relevant at 
low stimulation levels. 
The literature on inter-test variability of brainstern response data is rather scarce 
and does not include data on all stimulation levels. Edwards et a1.(1982) tested the 
variability of the peak V latency in 10 healthy young adults with normal hearing. 
The procedure was repeated after approximately 150 days. In this experiment one 
stimulation level of 72 dBnHL was used. The intra-subject standard deviation of 
the distribution of the peak V latency differences. calculated from their data is 
0.14 ms. 
Rosenhammer et al.(l978) tested 6 subjects with normal hearing on two occasions 
with an inter-test period of 6 months. They used a stimulation level of 80 dBSL. 
The standard deviations of the distributions of the test-retest differences for the 
latencies of peak L lll and V were 0.08. 0.14. and 0.14 ms respectively. 
The measurement inaccuracy of the auditory brainstem response threshold in sub-
jects with cochlear hearing Joss has been demonstrated to be 3.1 dB (chapter II). 
No data were found in the literature concerning the inaccuracy of the response 
threshold in normal hearing. 
In the literature on the inaccuracies in the measurement of the peak latencies. 
the only data found for normal hearing were at high stimulation levels. As far as 
the response threshold is concerned. the only published data on measurement in-
accuracies were for cochlear hearing loss. Thus the aim of this study is to find 
answers to the following questions: 
I . What is the inaccuracy in measurement of the peak latencies of auditory brain-
stem responses as a function of the stimulation level in normal hearing? 
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2. Does cochlear hearing loss influence the inaccuracy of the peak latencies? 
3. What is the inaccuracy in the measurement of the brainstem response threshold 
in normal hearing? 
Procedures 
Experimental conditions and measuring methods 
The equipment used was similar to that described in chapter U. summarized in 
table I of this chapter. Pure tone audiometry was performed according conven-
tional method. testing all octave frequencies between 250 Hz and 8 kHz. 
Table I. Summary of data on measurement technique 
Click polarity 
Click duration 
Click repetition frequency 
Headphone 
Electrode impedances 
Filter bandwidth 
Filter slopes 
Number of runs 
.Artifact rejection levels 
Time resolution 
alternating 
I 00 fJ-S 
20Hz 
TDH-39 
<2kn 
!0-4000 Hz 
24dB/oct. 
2048 
-!2.5 to+ 12.5 fJ.V 
29.3 fJ-S 
Auditory brain stem responses were recorded. starting at a stimulus level of I 00 or 
90 dBnHL. Depending on the result. the stimulus level was reduced in steps of I 0 
or 20 dB until the threshold level was approached. The threshold level was de-
fined as the lowest stimulus level at which a reproducible peak V could be iden-
tified. Tne threshold level was determined using 5 dB steps. All responses were 
assessed by 2 experienced observers [F.v.d.D .. M.B.]. The results of the first ses-
sion were not referred to during the assessment of the second session. 
Patient selection 
For this study test-retest data were obtained from a group of healthy young 
adults with normal hearing and from a group of adults with varying degrees of 
cochlear hearing loss. The data measured were the brainstem response threshold. 
the latencies of the peaks I. Ill and V. and their inter-peak latencies at each 
stimulation level. 
The test group with nonnal hearing comprised of 6 male and 5 female subjects. 
randomly selected from a group of healthy young adults with normal hearing. All 
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subjects in the normal hearing group had pure tone thresholds that did not exceed 
15 dBHL at any frequency and the loss averaged over all frequencies between 
250 Hz and 8 kHz did not exceed 7.5 dB. 
The group of patients with cochlear hearing loss was selected according to the 
criteria described in chapter II. These criteria are that the air-bone gap averaged 
over all frequencies should be smaller than 7.5 dB and that it should not exceed 
10 dB at any frequency. Etiology played no part in the selection. The means of 
the pure tone thresholds at 2 and 4 kHz in this group ranged from 20 dBHL to 
70 dBHL: the attenuation step size of the stimulation level varied from 20 to 
5 dB. 
The time lapse between the test and retest examination was at least 7 days. 
Results 
In 6 male and 5 female subjects with normal hearing. threshold and supra-thresh-
old data were collected from 20 ears. In the test population of 4 male and 5 
female subjects with cochlear hearing loss similar data were collected from 18 
ears. 
To ascertain whether parametrical statistical tests were applicable. all distribu-
tions of test-retest differences were tested for normality by means of the Kolmo-
gorov-Smimov one sample test. As in Thornton (1975). it appeared that. with one 
exception. none of the tested distributions was significantly different from normal 
(p<0.05). The distribution of the response threshold test-retest differences devia-
ted from normal because of skewness. Nevertheless. the distribution was tested by 
the same parametrical statistical test as all the others. to produce data of the 
same type. 
Paired T -tests were done to determine wether there were statistically significant 
differences between the test and retest measurements of brainstem thresholds and 
of all peak latencies. There was no significant difference in any of the measure-
ments (p>O.l). 
In order to find whether there was any interrelationship between the left and 
right ears within subjects an analysis of variance was canied out on these vari-
ables. The distributions of the test-retest differences over the subjects appeared 
to be identical for left and right ears and thus equal to that for all ears 
(F-value:0.009: significance:0.92). In further analyses the data from the right and 
left ears were considered to be independent. 
The standard deviation of the dist1ibution of a variable that is measured a large 
number of times is by definition the measurement inaccuracy. The distribution of 
difference between one measurement (test) and another (retest) of a variable has 
a mean of zero and a standard deviation that is a factor ~ 2 larger than the meas-
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urernent inaccuracy. Assuming that the measurement inaccuracy is similar for all 
subjects. we calculated the inaccuracies in measurement by dividing the standard 
deviations of the distributions of the test-retest difference by ~ 2. 
Table U. Inaccuracies (in ms) in measurement of the latencies of peak I. Ill and 
V in normal hearing and cochlear hearing loss as a function of the stimulation level 
Stim. Normal hearing 
level 
dBnHL u un 
100 0.07 0.05 
n= !9 n=20 
90 0.10 0.06 
n= !8 n= 20 
80 0.08 0.05 
n= 18 n= 19 
70 0.08 0.06* 
n= 16 n= 19 
60 0.08 0.08 
n= 15 n= 19 
50 0.09 0.16 
n=6 n= 17 
40 0.18 
n= 2 n= 14 
30 0.16 
n=2 n= 12 
20 0.12 
n=l n=6 
10 
5 
LV 
0.08 
n=20 
0.08 
n= 20 
0.06 
n= 19 
0.09* 
n= 19 
0.07 
n=20 
0.10 
n=20 
0.12 
n= 20 
0.12 
n= 19 
0.14 
n=20 
0.17 
n= 14 
0.31 
n=S 
Cochlear hearing loss 
U LUI LV 
O.Q7 0.07 0.09 
n= 12 n= 14 n= 18 
0.08 0.11* 0.13* 
n= 5 n= 10 n= 18 
n=4 
0.13 
n=1 n=10 
n=1 n=2 
n=4 
n=3 
* p < 0.05: significant difference between the two groups. n =Number of ears. 
Table II shows for both test groups the inaccuracies of the latencies of the peaks 
I. lll and V as a function of the stimulation level in dBnHL. The inaccuracies of 
the peak latencies in the normal hearing group appear to be less than 0. I ms for 
stimulation levels above 50 dBnHL. Beiow this level the inaccuracies tend to in-
crease to about 0.2 ms or more as the stimulation level decreases. In table III 
similar data are given for the inter-peak latencies. The differences between the 
inaccuracies for the two populations for corresponding experimental conditions 
were tested for significance. This was done using an F-test in all cases where the 
data for normal hearing and cochlear hearing loss were based on more than 4 
individual ears. At 70 dBnHL stimulation level the inaccuracies of the peak Ill and 
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peak V latencies are significantly smaller in subjects with normal hearing than in 
those with cochlear impaired hearing (p<0.05). The same phenomenon is apparent 
in the corresponding I-V and Ill-V latencies. as shown in Table Ill. 
Table III. Inaccuracies (in ms) in measurement of the I-III. I-V and III-V 
latencies for normal hearing and cochlear hearing losses as a function of the 
stimulation level (in dBnHL) 
Stirn. Normal bearing Cochlear bearing loss 
level 
dBnHL HI! I-V IH-V I-III I-V III-V 
100 0.!0 0.08 0.08 
n~ !9 n~ !9 n~ 20 
90 0.!3 0.!3 0.08 0.!3 0.09 0.!2 
n~ 18 n~ 18 n~2o n~ 1! n~ !2 n~ 18 
80 0.08 0.!0 0.08 
n~ 18 n~ 18 n~ 19 
70 0.06 0.06* 0.09* 0.06 0.10* 0.14* 
n~ 16 n~ 16 n~ !9 n~5 n~ 5 n~ 10 
60 0.09 0.06 0.09 
n~ 15 n~ 15 n~ 19 
50 0.08 0.!! 0.1! 
n~ 6 n~ 6 n~ !7 n=l 
40 0.15 
n=2 n= 2 n~ !5 n=l 
30 0.15 
n~ 12 
20 0.15 
n~ 6 
p < 0.05~ significant difference bet\Veen the two groups. n = Number of ears. 
The inaccuracy in measurement of the brainstem response threshold in subjects 
with normal hearing was found to be 3.8 dB. 
Discussion 
This study shows (table II) that in normal hearing the inaccuracy of the latency 
of peak V increases from about 0.! ms at high stimulation levels to about 0.2 ms 
near threshold. This finding is comparable with results obtained from the litera-
ture when the standard deviations of the test-retest difference distribulions. 
described in the literature section of the introduction. are divided by ~ 2. Inac-
curacies of 0.06. 0.09. and 0.09 ms were computed for the latencies of peaks 1. Ill 
and V respectively at 80 dBSL stimulation level using the data of Rosenhamrner et 
al.(l978). At 70 c!BnHL a peak V latency inaccuracy of 0.09 ms can be computed 
from the report of Edwards et al.(l983). Thus for high stimulation levels the data 
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from this study are consistent with the literature. 
Further inspection of table II shows that the inaccuracies in normal and impaired 
hearing are about equal at 90 dBnHL stimulation level. At 70 dBnHL the inac-
curacies for peak III and V are significantly smaller in subjects with normal hear-
ing than in those with cochlear hearing loss. We assume that this is caused by 
the fact that 70 dBnHL is a close to the threshold level for a number of the 
measured ears with cochlear hearing loss. This is il!ustrated in table IV. which 
shows the inaccuracies as a function of the stimulation level relative to the re-
sponse threshold (in dBRTL). The inaccuracies in cochlear hearing loss appear to 
be just as small as. and for some values significantly smaller than those. in nor-
mal hearing. 
Table IV. Inaccuracies (in ms) in the measurement of the peaks I. ill and V 
latencies for normal hearing and cochlear hearing losses as a function of the 
stimulation level relative to the response threshold level (in dBRTL) 
Stirn. Normal hearing Cochlear hearing loss 
Ievei 
dBRTL u un LV u UH LV 
100 0.06 0.05 0.08 
n~8 n~ 9 n~ 9 
90 0.07 0.05 0.09 
n~ 20 n~20 n~20 
80 0.09 0.05 0.06 
n~ 17 n~ 19 n~ 19 n=l n=l n= 1 
70 0.10 0.06 0.07 
n~ 18 n~ 19 n~ 19 n=2 n~ 2 n~2 
60 0.08 0.06 0.08 
n~ 16 n~2o n~20 n=2 n=4 n=4 
50 0.09 0.11 0.10 
n~ 10 n~ 18 n~ 20 n= 3 n=3 n~ 3 
40 0.11 0.15* 0.12* 0.10 0.08* 0.06* 
n~s n~ 15 n~ 20 n~6 n= 7 n= 10 
30 0.15 0.10 0.11 
n= 13 n=20 n~2 n=7 
20 0.17* 0.10 0.08* 0.11 
n= 11 n= 19 n=7 n= 12 
10 0.17 0.15 
n=2 n= 20 n~ 13 
0 0.22 0.21 
n= 12 n= 14 
p < 0.05: significant difference between the two groups. n =Number of ears. 
As mentioned in the introduction. the horizontal shift of the l(L) curve is used 
for estimating the conductive hearing loss. When this is done. the inaccuracy of 
the latency measurements (in ms) must be transformed into an equivalent in the 
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horizontal direction (in dB). In fig.! the mean l(L) curve of peak V for the nor-
mal male reference group. consisting of 20 ears with normal hearing. is given to-
gether with the inaccuracies shown in table I! and table Ill. By horizontal projec-
tion. the equivalent inaccuracy in the horizontal direction at each stimulation 
level was determined. The conversion of the corresponding female data was per-
formed in the same way. using the female reference curve. 
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Fig. 1 
Mean I(L) curve of peak V for male adults with normal hearing. At each stimula-
rion level Ihc inaccuracy of rhe measurement of the fa1encies of peak V is sym-
bolized by a bold vertical line. Horizontal projection (horizoma! dolled lines) of 
irs end-points on the mean l(L) cuNI! gives twice the equivalent inaccuracies in 
the stimulation level (solid horizontal fines). For the stimulation levels 80 and 
90 dBnHL only the left projection was taken. 
Figure 2 shows the inaccuracies in the horizontal direction (in dB) as a function 
of the mean normal latency of peak V in normal hearing. for both males and fe-
males. For latencies above 5.8 ms the inaccuracies appear to be less than 4 dB. 
For smaller latencies the inaccuracy sharply increases to about 13 dB at the mean 
peak V latency of 5.5 ms. 
Thus because of the shape of the l(L) curve the most accurate peak V latencies. 
i.e. those smaller than 6 ms. make the largest contribution to the inaccuracy of 
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the horizontal shift of the curve. Therefore it seems appropriate to disregard the 
latencies below 6 ms when estimating this shift. 
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Fig. 2 
The cquiva!enr inaccuracies in mcasuremenr in the stimulation k·.:c! dircciion 
(in dB) as a function of the lall!ncy of peak V. Open circles: female dow. Closed 
circles: mole data. 
The present data do not allow a similar conversion for the group with cochlear 
hearing loss. However. as mentioned in the introduction. the use of the measure-
ment inaccuracy is mainly meant for conductive hearing loss. in which the shape 
of the l(L) curve is supposed to be normal. 
The data reported above on the intra-subject spread of the peak latencies suggest 
that one should consider the relation between the intra- and inter-subject varian-
ce. In the normal hearing group an analysis of variance of the peak V latency 
was performed to determine this relation. The latency data were corrected for 
gender differences (the correction in our population varied from about 0. I ms for 
high stimulation levels to about 0.5 ms near the threshold). because from the 
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literature it is apparent that there are considerable sex differences for peak III 
and V latencies (McClelland and McCrea (1979). Stockard et al.( 1979). Jacobson et 
al.(l980). Jerger and Hall (1980). Debruyne et al.(l980). Patterson et al.(l981)). 
The results of the analysis are given in rab1e V. As appears from the last 2 co-
lumns in this table. the intra-subject variance is significantly smaller than the 
inter-subject variance (p<0.05) at all stimulation levels. 
Table V. Results of one-way analysis of variance for intra. versus interindividual 
variability of t..'IJ.e latency of peak V as a function of the stimulation level in a population 
of 20 ears with normal hearing 
Stirn. Intra-individual SD Inter-individual SD Critical F 
level vaiue value 
dBnHL mean 95 % confidence mean 95 o/o confidence (p < 0.05) 
value interval value interval 
100 0.08 0.06-0.12 0.10 0.06-0.15 2.12 3.9 
90 0.09 0.07-0.12 0.09 0.06-0.15 2.12 3.4 
80 0.06 0.05-0.09 0.10 0.07-0.15 2.12 6.0 
70 0.09 0.07-0.13 0.15 0.10-0.24 2.12 7.0 
60 0.07 0.05-0.10 0.13 0.08-0.20 2.12 7.6 
50 0.10 0.08-0.14 0.14 0.09-0.22 2.12 5.1 
40 0.12 0.09-0.17 0.14 0.10-0.28 2.12 4.8 
30 0.12 0.09-0.17 0.15 0.09-0.23 2.16 4.3 
20 0.14 0.11-0.21 0.22 0.14-0.35 2.12 6.0 
10 0.16 0.12-0.25 0.30 0.18-0.51 2.46 8.1 
The ratio of the intra- and inter-individual mean standard deviations as a func-
tion of the stimulation level remains more or less unchanged. Comparison of the 
standard deviations shows that the intra- and inter-individual variabilities of the 
peak V latencies in subjects with normal hearing contribute about equally to the 
total variance at all stimulation levels. 
The inaccuracy in the measurement of the auditory brainstem response threshold 
in normal hearing appears to be 3.8 dB. This figure is theoreticaHy incorrect be-
cause of abnormal skewness of the underlying distribution. The inaccuracy of the 
response threshold in nonnal hearing is about equal to that measured for cochlear 
hearing loss (3.1 dB. chapter ll). We feel that the abnormal skewness of the dis-
tribution can only have effected a slight increase on the figure. 
According to the international standard (ISO 1983) the inaccuracies of the pure 
tone thresholds at 2 and 4 !<.Hz are 2.8 and 3. 7 dB respectively. These values are 
in the same range as those found by Witting and Hughson (!940): 3.9 and 4.2 dB 
for subjects with impaired hearing and 2.8 and 3.7 dB for those with normal hear-
ing. Atherley and Dingwall-Fordyce (1963) found an inaccuracy of 2.7 dB at 
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3 kHz. Comparing these data it can be concluded that the inaccuracy in measuring 
the brainstem response threshold in normal hearing and cochlear impaired patients 
is about the same as that found when determining the subjective threshold for 
pure tones at 2 and 4 kHz. 
Conclusions 
l. The inaccuracy in measurement of the peak latencies in normal hearing is less 
than 0. t ms at stimulation levels higher than 50 dBnHL. For lower stimulation 
levels it varies from slightly more than 0.1 ms to more than 0.2 ms near the 
threshold. 
2. The latency-inaccuracy can be transformed into an inaccuracy of the latency-
intensity curve in the intensity direction (in dB). For latencies larger than 
6.0 rns this "horizontal" inaccuracy is less than 4 dB. For smaller latencies this 
figure rapidly increases up to 13 dB for a latency of 5.5 ms. 
3. In normal hearing the intra- and inter-individual contributions to the total 
variance of the peak V latency are about equal at all stimulation levels. 
4. The auditory brainstem response u~reshold is about as accurate a measurement 
of hearing sensitivity as the pure tone threshold. The accuracy of the response 
threshold is 3. 8 dB in normal hearing and 3. I dB in cochlear hearing loss. 
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Chapter IV 
Brainstem Response Audiometry: 
I. Its use in distinguishing between conductive and cochlear hearing loss 
J.F.C.v.d.Drift. M.P.Brocaar. G.A.v.Zanten 
Audiology. accepted March 1988 
Abstract 
The auditory brainstem response (ABR-) thresholds and the latency-Level curves. l(L) curves. 
for peak V were determined in 22 subj~:ets with normal hearing. in 40 pntients with conduc-
tive hearing !ass and in 79 patients with cochlear hearing loss. The goal of this study was tO 
investigate the potentials to distinguish between different types of hearing loss on the basis 
of these ABR-data. For this purpose the horizontal shift of the I(L) curve. the horizontal 
shift of its derivative and the latency of peak V at threshold level were plotted against the 
response threshold. For response thresholds above 30 dBnHL both the horizontal shift of the 
I(L) curve and the horizontal shift f)( its derivative give a good separation between cochlear 
and conductive hearing loss. The combination of the response threshold with the shift of the 
derivative of the J(L) curve gave a slightly better separation than that of the response 
threshold with the shift of the l(L) curve itself. 
Les seuils des potentie!s 6voqu6 du tronc cen!bra! et les courbes de latence et d"intensitC du 
pic V sont determinees dans un groupe de 22 sujets normaux. dans un groupe de 40 de 
patients ayant une surdit6 de conduction et dans un group de 79 patients ayant une surclit6 
de perception. Le but de cene investigation 6toit d'explorer les potentialites pour Ia diff6ren-
ciation des les sortes diverses de Ia surdit6 par ces resultats des potentiels 6voqu6s du tronc 
c6r6bral. Dans ce but le d6placement horizontal de Ia courbe de !atence et d'intensit6. le 
d6placement horizontal de cette courbe dCriv6 et Ia latcnce du pic V au seuil 6taient places 
contre le seuil. Pour seuil au-dessus de 30 dBnHL le courbe de latence et d'intensit6 et son 
courbe d6riv6 touts le deux rendent possible une belle diff6renciation des surdit6 de conduc-
tions et de perception. La combination du seuil avec Ia d6placement de Ia courbe d6rivt: rends 
une diffCreneiation un peu plus belle que Ia combination du seuil avec Ia courbe de latence et 
d'intensitC soi-meme. 
Introduction 
One of the purposes of brainstem response audiometry is to assess the amount and 
nature of hearing loss in patients who cannot petform in the usual audiometric 
procedures. Two features are studied in brainstem response audiometry: the 
brainstem response threshold and the latencies of the peak V. It was shown that 
the auditory brainstem response threshold for click stimulation gives a good 
estimate of the amount of high-frequency hearing loss of cochlear origin (chapter 
ll). The response threshold had a correlation coefficient of 0.93 with the average 
of the pure tone thresholds at 2 and 4 kHz. and the standard error of the 
estimate was found to be I ! dB. 
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Conductive hearing loss is frequently observed in the group of patients in which 
brainstem response audiometry is widely utilized. i.e. infants and children. There-
fore a referring ENT surgeon will not only be interested in the threshold but also 
in the relative importance of cochlear and/or conductive components. In order to 
discriminate between these different types of hearing Joss the latencies of peak V 
are often used. The latency of peak V is plotted against the stimulation level and 
will be referred to as the latency-Level curve (I(L) curve). According to the 
literature the form of this l(L) curve is different in different types of hearing 
loss. The following paragraph will focus on the relationship between pure tone 
audiogram and 3 main aspects of the curve: its shape and the horizontal and the 
vertical distances between the patient l(L) curve and the normal reference curve. 
Assuming that a purely conductive hearing loss will result in a reduction of the 
level of effective stimulation of the cochlea. such a loss will shift the l(L) curve 
horizontally. while the shape of the curve will not change. In such cases the 
amount of the shift would be equal to the air-bone gap. As has been shown by 
Yamada et al.( 1975). this gap can be measured along a horizontal line at threshold 
latency. Yamada et ai.(J975) correctly predicted 80% of air bone gaps within 15 dB 
in a study of 12 ears. McGee and Clemis ( 1982) used an alternative method. They 
calculated the shift of the curve by taking the average of the horizontal shifts of 
all the data points on the curve. and predicted "almost ail" air-bone gaps correct-
ly within I 0 dB in a study of 32 ears. Both Borg et al.( 1981) and Fria and Sabo 
(1979) carried out studies of l 0 ears and measured the horizontal shift in a way 
similar to Yamada. They described the relation between the horizontal l(L) shift 
and the air-bone gap in terms of a correlation coefficient of 0.84 and 0.81 
respectively. Suzuki and Suzuki (1977) and Lehnhardt (1981) merely compared mean 
values of air-bone gaps and !(L) shifts. while Galambos and Hecox (1978) and 
Gerull et al.(l978) both showed one case. Ail studies mentioned above are only 
concerned with the effects of purely conductive hearing losses. Yet. although none 
of these studies primarily focussed on differentiation between cochlear and 
conductive hearing loss. they indicate the potential usefulness of the horizontal 
shift of the I(L) curve for this purpose. 
Besides horizontal shift also vertical shift of the l(L) curve is reported in cases 
of cochlear hearing loss. The vertical shift of the curve. as calculated by Yamada 
et al.(l979). was shown to be related to both the audiogram shape and the amount 
of cochlear hearing loss. Lehnhardt ( 198 I) pointed attention at vertical shift of 
the l(L) curve when the cochlear hearing loss exceeds 60 dB. This was demon-
strated by comparing the reference curve with a curve based on the mean latency 
data of 10 patients. Coats (1978) analyzed 37 ears with high-frequency hearing 
losses of varying degree. and compared the audiograms with the corresponding I(L) 
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curves. He found that the curves tended to shift vertically. The shift being 
proportional to the high-frequency loss. For instance at a constant stimulation 
level of 108 dBpeSPL. the mean latency of peak V increased from 5.8 ms to 
6.4 ms when the high-frequency loss increased from 0 to 80 dB. 
Apart from horizontal and vertical shifts. hearing loss can also cause changes in 
the shape of the I(L) curve. Yamada et al.(l979) described a steeper than normal 
l(L) curve for 7 patients who suffered from Menieres disease and had a flat or 
low-frequency hearing loss. Lehnhardt ( 1981) reported the mean of the I(L) curves 
of 19 patients with more than 55 dB cochlear hearing loss. His data also suggest 
that the I(L) curves are steeper than normal in the cases of cochlear hearing loss. 
Coats (1978). Jerger and Mauldin (1978). and Sohmer et al.(l981) mentioned that 
an increase of the latency of peak V. measured at a fixed high stimulation leveL 
was associated with an increase of high frequency hearing loss. Jerger and 
Mauldin found that the latency of peak V correlated better with the audiogram 
shape (steepness) than with high-frequency hearing loss. 
Chisin et aL(l983) plotted a scatterdiagram of the response threshold against the 
vertical shift of the l(L) curve for 3 different groups: 9 patients with cochlear 
hearing loss. [ 9 with conductive hearing loss and 12 with mixed hearing losses. 
The figure shows a moderate degree of separation betv.reen the 3 sets of data. The 
authors concluded that a study of both the response threshold and the latency of 
peak I generally enables correct differentiaJ diagnosis between sensorineuraL 
conductive or mixed hearing loss. However. part of the separation between the 3 
groups can be attributed to non-overlapping threshold ranges for the groups. In 
our opinion no far-reaching conclusions can be drawn from these data. 
In summary. the literature is ambiguous about the use of the l(L) curve as a tool 
for distinguishing between different types of hearing loss. Moreover. no informa-
tion can be found about brainstem response audiometry as an instrument for 
estimating the relative contributions of the cochlear and conductive components in 
cases of mixed hearing loss. 
From preliminary observations in patients we got the impression that the com-
bination of the brainstem response threshold and 3 particular parameters of the 
I{L)-curve enables a better discrimination between cochlear and conductive hearing 
losses than the simple I(L) curve alone. These parameters are: the horizontal shift 
of the I(L) curve itself. the shift of its first derivative and the latency of peal< V 
at threshold level (this will be referred to as the maximum peak V latency). The 
concept of the first derivative of the l(L) curve was inspired by our observation 
that in many cases of cochlear hearing loss the latency of peak V hardly in-
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creases when the stimulation level is reduced. even when the latency at high 
stimulation levels is already abnormally high. The first derivative can be especiaJiy 
useful for separating the vertical shift of the l(L) curve from the horizontal shift. 
The purpose of this study is to quantify the discriminative power of brainstem 
response audiometry between types of peripheral hearing loss as such. Of course 
the discriminative power can be enlarged by combination with other methods of 
examination. e.g. impedance audiometry and otoscopy. 
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l11e first derivatives of rhc 3 curw:s shown in jig Ia. Nore thai the horizonial 
disrance has not changed be/Ween curves I and 2 and !tas disappeared berween 
the CliNes f and 3. 
When simply computing the mean shift in the horizontal direction. as McGee and C!emis 
(!982) did. one must be aware of the additional effects that a vertical shift or a change in 
shape can have on the resulting figure: both can also appe..1.r as a horizontal shift. The 
horizontal shift of the first derivative of the I(L) curve gives a more accurate specification 
of the horizontal position of the curve. To illustrate this fig. Ia shows the normal reference 
!(L) cur.,e(l). a hypothetical. ideal "conductive type" curve(2). and a "vertically shifted" 
curve(3). as found incidentally for ears with cochlear hearing impairments. The response 
thresholds for both curves (2) and (3) are at 45 dBnHL. Determination of the horizontal shift 
according to McGee results in about equal values for both the shifted cur.'eS. However. the 
first derivatives. determined by taking the dlldL-values for all levels. (fig. 1 b) show a 
different relation to the new reference curve. While the horizontal distance between the 
reference curve and the ''conductive" curves remains unchanged. the separation between the 
reference and the "cochlear" curves has disappeared. 
ln this study we aim to answer to the following questions: 
l. What is the value of the combination of the response threshold and the hori-
zontal shift of the l(L) curves in distinguishing between cochlear and con-
ductive hearing losses? 
2. What is the value of the combination of the response threshold and the 
horizontal shift of the derivative I(L) curves in distinguishing between cochlear 
and conductive hearing losses? 
3. What is the value of the combination of the response threshold and maximum 
peak V latency in distinguishing between cochlear and conductive heating 
losses? 
Procedures 
Equipment and measurement procedures. 
The equipment is described in detail in chapter II. (See table I of this chapter for 
summary.) 
In the normal hearing group and in the group with conductive hearing losses. the 
initial stimulation level was always l 00 dBnHL (in the above-mentioned. previous 
work stimulation was usually started at 90 dBnHL). Depending on the result. the 
stimulus level was increased or decreased in steps of 10 or 20 dB until the 
threshold level was approached. The threshold level was defined as the lowest 
stimulation level with a reproducible peak V in the response. The threshold level 
was determined in steps of 5 dB. All responses were assessed by two experienced 
observers {M.B .. F.v.d.D.J who had no knowledge of the pure tone audiogram. 
45 
Table I. Summary of data on measurement technique 
Click polarity 
Click duration 
Click repetition frequency 
Headphone 
Electrode impedances 
Filter bandwidth 
Filter slopes 
Number of runs 
Artifact rejection levels 
Time resolution 
Data processing 
alternating 
lOOp.s 
20Hz 
TDH-39 
< 2kn 
10-4000 Hz 
24dB/ocL 
2048 
-12.5 to +12.5 p.V 
29.3 p.s 
To compute the horizontal shift of the I(L) curves in each case. the differences 
in the level direction between the individual points of the patients l(L) curve and 
the mean normal curve were measured and averaged (McGee and Clemis (1982)). 
The data for peak V latencies below 5. 9 ms were not included in the calculations 
(chapter III). The derivative l(L) curves were approximated in a piecewise linear 
manner by taking the difference in the latencies of peak V per lO dB difference 
in stimulation level. The horizontal shifts of these derivatives of the I(L) curves 
relative to the derivative of the reference curve were calculated in a similar way 
to the horizontal shifts of the I(L) curves. 
Patient selection 
To obtain normative data for I(L) curves. 12 male and 10 female subjects with 
normal hearing were tested. Hearing was considered to be normal if the mean of 
the pure tone air conduction thresholds did not exceed 7.5 dBHL and none of the 
thresholds exceeded 15 dBHL. The age of the subjects ranged from 20 to 40 
years. with a mean of 27 years. 
For a test group with cochlear hearing loss. patients were selected from the test 
population of a previous study (chapter II). according to the following criteria. 
The subjects had to be able to produce a reliable audiogram. containing both the 
air-conduction and bone-conduction thresholds at aH usual frequencies. Retrococh-
lear pathology was excluded by the clinical history. ENT examination and neurolo-
gical examination (in this study limited to the examination of the cranial nerves). 
ln case of any suspicion of retrocochlear pathology. stapedial reflex tests. elec-
tronystagmography and sometimes CT scanning were used to enable further 
selection. If the results were inconclusive. the patient was excluded from the test 
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group. Only patients whose audiogram showed a mean alr-bone gap less then 
7.5 dB and no air-bone gap exceeding I 0 dB at any frequency were included. 
Apart from excluding retrocochlear pathology and conductive hearing loss. no 
selection was made on etiology. The etiologies of the hearing impairments involved 
in the test group were presbyacusis. M6nieres disease. hereditary cochlear hearing 
loss. ototoxic medication and acoustic trauma. For some patients with cochlear 
hearing losses there was no known etiology. In this way 36 male and 43 female 
patients with a cochlear hearing loss were selected. Their ages varied from 10 to 
85 years. with a mean of 45 years. 
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Fig. 2a 
Reji.•n:nce !(L)-C/i/ile and 4 /(L) C/.1/iii!S for ears wi!h a brains/em response ihres-
ho/d of 40 dBnHL. Culile I <lJid 2: conductive hearing tosses. Curves 3 and 4: 
cochlear hearing losses. 
Young adult patients with purely conductive hearing losses were submitted to pure 
tone audiometry and brainstem response audiometry on the same day. The etiology 
of the conductive loss was not used as a criterion for the selection and so all 
kinds of middle ear pathology (e.g. OME. perforation of the ear drum with and 
without suppuration. cholesteatoma and radical or modified radical mastoidectomy) 
were represented in the test group. A pure tone audiogram was classified as 
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"purely conductive" when the mean of the bone-conduction thresholds at all usual 
frequencies did not exceed I 0 dBHL and none of the bone-conduction thresholds 
exceeded 20 dBHL. The minimum air-bone gap for 0.5 to 4 kHz was 15 dB. The 
test group thus formed consisted of 23 male and 17 female patients varying in age 
from I 0 to 45 years with a mean of 24 years. 
Results 
Figure 2a gives 4 examples of I(L)-curves. two representing ears with cochlear 
hearing losses and two with conductive hearing losses. all having a brainstem 
response threshold of 40 dBnHL. As a reference the I(L) curve for male subjects 
in our clinic with normal hearing is depicted. together with its 95% confidence 
limits. The etiologies of the 4 hearing losses of which the audiograms are shown 
in fig.2b are radical mastoidectomy(!). cholesteatoma(2). presbyacusis(3) and 
Menieres disease(4). 
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Fig. 3 ABR-T (dBnHL) 
77rc horizonia! shift of rhc !(L) cun·c (in dB) as a function of the brainsrc:m 
response threshold for normal hr:aring. cochlear hearing losY and conductive 
hearing loss. The numbers ! . 2. 3 and 4 represem the 4 cases shown in )ig.2. 
The line is jirted by eye 10 separate cochlear and conductive dora. 
Figure 3 shows the horizontal shift of the l(L) cu!>'e (in dB) as a function of the 
auditory brainstem response threshold (in dBnHL) for normal hearing (open 
triangles). cochlear hearing loss (open circles). and conductive hearing loss (dots). 
The data for the group with cochlear hearing loss show considerable scatter and 
the horizontal shift tends to increase with a higher auditory brainstem response 
threshold. The data for the group with conductive loss show a linear relationship 
between the I(L) shift and the response threshold. This relation can be described 
using regression analysis. which gives a correlation coefficient of 0.88. a regres-
sion line with a slope of 0.95. and a standard error of the estimate of 8.5 dB {the 
lines in the figs.3 to 5 are used to mark the separation between the groups with 
cochlear and conductive hearing loss and will be discussed later). For response 
thresholds above 30 dBnHL the data sets for both groups seem to be well sepa-
rated. showing only a narrow band of overlap. For response thresholds below 
30 dBnHL there is no clear separation. 
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Fig. 4 ABR-T (dBnHL) 
Th,• horizontal sh((! of the dcrivalivc !(L) curve as a function of rhe brainsrcm 
rcsponst' threshold for normal hearing. cochlear hearing loss and conductive 
hearing foss. l11c numbers I. 2. 3 and 4 represent the 4 cases shown in flg.2. 
77u: line is .fiuc:d b.v ,._w: to separarc cochlear and condw:rivc dahl. 
In fig.4 the horizontal shift of the first derivative of the I(L) curves is shown as 
a function of the response threshold for normal hearing. cochlear hearing loss and 
conductive hearing loss. The data for the group with cochlear hearing loss are 
less affecled by the response threshold than in fig.3. while the data for conduc-
tive hearing loss appear to be quite similar to those in fig.3 (r=0.89: slope of the 
regression 1ine=0.97: st.error of the estimate=8.2 dB) 
Figure 5 shows the latency of peak V at threshold level as a function of the 
threshold. for normal hearing. cochlear hearing loss and conductive hearing loss. 
The maximum peak V latency in conductive hearing loss is in the normal range 
and independent of the response threshold. In cochlear hearing loss there is a 
significant negative correlation (r=-0.37: p<0.05) and the slope of the regression 
line is -0.2 ms/1 0 dB. The higher the response threshold the lower the latency of 
peak V at the threshold level appears to be. 
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Fig. 5 
Tire larency of peak V or threshold kvcl as a function of rhe brainsrem response 
threshold for normal hearing loss, cochlear hearing loss and conductiw ht•aring 
loss. The numbers I. 2. 3 and 4 represent rlu: 4 cases shown in jig.2. The line is 
firtcd by eye to separate cochlear and conductive dara. 
Discussion 
ln the scatter plots in figs.3 to 5 the sets of data for the two types of hearing 
loss show a considerable overlap for response thresholds below 35 dBnHL Though 
the number of conductive hearing losses in this region is small in the present 
material. the scatter of the cochlear data suggests that brainstem response data 
are of no use for distinguishing between cochlear and conductive hearing loss for 
ears with response thresholds below 35 dBnHL. Of course. the smaller the hearing 
loss. the less important this distinction. 
ln our material the I(L) curve shows both the typical and the atypical behaviour 
(fig.2). In case I. a typical example of conductive hearing loss. the curve displays 
a strong horizontal shift but the shape of the curve is quite similar to the normal 
one. In figs. 3 to 5 this case can be regarded as a good example of this type of 
hearing loss: both the shift of the curve and the shift of the derivative curve are 
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of about the same magnitude as the elevation of the response threshold. and the 
latency of peak V at threshold level is about the same as in the group with 
normal hearing. Jn all 3 scatter plots the data point for this case of conductive 
hearing loss is well separated from data for the ears with cochlear hearing loss. 
as is to be expected on theoretical grounds. In strong contrast to this is case 4. 
a typical example of cochlear hearing loss. This l(L) curve is approximately normal 
except that the part for the lower levels is missing. In the scatter plots the data 
point for this ear is separated from the main group of data representing ears with 
conductive hearing loss. The cases 2 and 3 illustrate the other side of the coin: 
although their tone audiograms emphasize the very different types of hearing loss. 
the I(L) curves are quite similar. In the scatter plots they are used as examples 
to demonstrate that distinction between the different types of hearing Joss is not 
completely reliable on the basis of brainstem response data alone. 
In the 3 scatter diagrams the sets of data for the cochlear and conductive 
hearing losses are situated near each other and show some overlap. For response 
thresholds above 30 dBnHL the drawn lines in figs.3 to 5 were fitted by eye and 
give the optimum separation between the 2 groups. Of the 34 cases of conductive 
hearing loss with response thresholds above 30 dBnHL. 4 are misclassified in figs.3 
and 4. and 3 are misclassified in fig.5. Of the 58 cochlear hearing losses 5 are 
rnisclassified in fig.3. 3 in fig.4 and 7 in fig.5. The clearest separation between 
the 2 groups is found in fig.4. where the shift of the derivative curve is plotted 
against the response threshold. The overlap between the cochlear and conductive 
group will cause some problems when mixed hearing losses also have to be 
distinguished as a separate group. From the results it can be concluded that for 
response thresholds above 30 dBnHL the combination of on the one hand the 
response threshold and on the other hand the horizontal shift of the I(L) curve. 
the shift of the derivative I(L) curve and the maximum peak V latency can be 
used for distinguishing graphically between cochlear and conductive hearing losses. 
A quantitative method for investigating the value of the brainstem response data 
for distinguishing between different categories of hearing loss is provided by 
discriminant analysis. The contribution of this method will be discussed in chapter 
v. 
Conclusions 
l. For response thresholds above 30 dBnHL the combination of on the one hand 
the response threshold and on the other hand the horizontal shift of the I(L) 
curve. the shift of the derivative l(L) curve or the maximum peak V latency 
can be used for distinguishing graphicaJly between cochlear and conductive 
hearing losses. 
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2. In conductive hearing loss the latency of peak V at the response threshold is 
independent of the level of the response threshold. In cochlear hearing loss 
the latency of peak V at the response threshold level decreases with increasing 
response threshold. 
3. For ears with response thresholds above 30 dBnHL the combination of the 
response threshold and the horizontal shift of the derivative of the I(L) curve 
provides a slightly more accurate instrument for distinguishing between coch-
lear and conductive hearing loss than the combination of the response thres-
hold and the horizontal shift of the curve itself. 
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Chapter V 
Brainstem Response Audiometry: 
n. Assessment of the type of hearing loss using discriminant analysis 
J.F.C.v.d.Drift. M.P.Brocaar. G.A.v.Zanten 
Audiology. accepted March 1988 
In chapter rv it was shown graphically that conductive and cochlear he..1ring loss c.:""tn be dis-
tinguished on the basis of the combinations of the auditory brainstem response threshold with 
the horizontal shift of peak v·s latency-Level curve. its derivative or the latency of pea.k V 
at threshold level. respectively. In addition to the patient data used in chapter IV. for the 
present study 22 patients with mixed hearing loss were included. The statistical technique of 
discriminant analysis was applied to find the optimum linear combination of ABR-data for 
classification of a hearing loss. The brainstem classification "cochkar hearing loss" agrees 
with the diagnosis on the basis of the pure tone audiogram in 85% of the cases. In cases 
with the brainstem classification "conductive hearing loss", 93% showed at least a conductive 
component in the pure tone audiogram. 
Resume 
Dans une chapitre IV il etait dCmontn~ qu.il est possible de sCparer graphiquement Jes sur-
ditCs de conduction ct de perception par les combinations du seuil de porentiels Cvoqu&.; du 
tronc cCrCbral avec le dCplacement horizontal de Ia courbc de latence ct d'intcnsitC du pic V. 
avec le dCeplacement horizontal de cette courbe dCrivC ou avec Ia latence du pic V au seuil. 
Suppl6mentaire aux resultats des potentiels evoques. quels etaient utilises dans Ia chapitre IV. 
22 patients avec une surditC mixte ont ere exam inC. La methode statistique d ·analyse dis-
criminantc etait applique pour determiner Ia combination lin6lire des rCsultats des potentie!s 
evoqm!s quel!e est optimale pour classer d'une surdit6. La classification 'surditC de perception' 
par Ia combino.tion optimale s·accords avec !a classification par l'audiogramme dans 85% 
des patients. Dans Ia classification · surditC de conduction· par Ia combination optimale des 
rCsultats des potentiel CvoquCs r·audiogramme montrait un component de conduction dans Ia 
surditC en 93% des patient. 
Introduction 
The objective of chapter IV was to find the best way to classify the type and 
amount of hearing loss using brainstem response data. For this purpose the laten-
cy-Level curve (l(L) curve) was used. In the literature (Borg et al.(l98l). Chisin 
et al.(l983). Lehnhardt (1981). Fria and Saba (1979). McGee and Clemis (1932). 
Suzuki and Suzuki ( 1977). Yamada et al.( 1979)) a relationship has been demon-
strated between the purely conductive hearing loss. as estimated using the brain-
stem response l(L) curve and the air-bone gap in the tone audiogram. However. 
the value of the I(L) curve for identifying the type of hearing loss was not yet 
clear from the literature. due to insufficient numbers of patients and the use of 
different parameters which cannot easily be compared. 
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Three parameters of the l(L) curve can be used in combination with the auditory 
brainstern response threshold to distinguish between cochlear hearing loss and 
conductive hearing loss (chapter IV). These parameters are the horizontal shift of 
the I(L) curve. the horizontal shift of the first derivative of the curve and the 
latency of peak V at threshold level. It was concluded in chapter IV that certain 
combinations of these parameters and the brainstem response threshold give a 
certain degree of separation of the two types of hearing loss for response thresh-
olds above 30 dBnHL. However. it was not possible to detect mixed hearing los-
ses with the two-dimensional method described. because of the overlap between 
the cochlear and conducrive data. The objective of this part of the study is to 
examine whether linear combinations of more than 2 parameters of the l(L) curve 
enable a better distinction to be made between different types of hearing loss. 
and in particular. whether mixed hearing loss can be distinguished from cochlear 
or conductive hearing loss. 
The problems that need to be solved with the help of discriminant analysis are 
summarized in the following questions: 
I. What is the optimum linear combination of parameters of the l(L) curve for 
distinguishing between cochlear. mixed and conductive hearing losses? 
2. How reliable is this discrimination technique? 
Discriminant analysis 
The possibilities and limitations of discriminant analysis in medical diagnosis have 
been described by Brown {1984). The basic method is summarized in the present 
paper. 
Discriminant analysis is a statistical method of classification in which the rules 
and categories for classification are based on data from groups of patients who 
have already been classified by an ''extrinsic" procedure. In our study this extrin-
sic procedure is the pure tone audiogram. The method can be divided into an ana-
lysis phase and an evaluation or classification phase. As was shown in the scatter 
diagrams in chapter IV. pairs of parameters can be used in a tvlo-dimensional 
plane to define the areas that represent the different groups of ears. these ears 
already having been classified by the "extrinsic" procedure of the study. This can 
be considered as a kind of graphical tvlo-dimensional analysis and classification 
combined. Discriminant analysis determines in its analysis phase the combination 
of parameters (4 in our study) which gives the best separation between the diffe-
rent groups in the population (i.e. in our study: cochlear. conductive or mixed 
hearing loss). The analysis phase being completed. the second step -classification-
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can be carried out when the data point of an ear with an unknovm type of 
hearing loss is placed in such a diagram and its type of hearing loss is estimated 
from its location: if it is located in an area topically representative for a specific 
group. the ear is classified as belonging to that group. With discriminant analysis 
the analysis phase provides computational rules that enable quantitative classifi-
cation in a multi-dimensionaJ space. i.e. using more than two parameters at a 
time. 
Criteria for "extrinsic" classification 
The criteria that were used to classify the ears according to the tone audiogram 
as nonnal or as having a cochlear. a conductive or a mixed hearing loss. are sum-
marized in table I. The test population included the 3 groups that were described 
in chapter IV: 22 subjects with nonnal hearing. 79 patients with cochlear impair-
ment and 40 patients with conductive hearing loss. To this test population a group 
of 22 patients with mixed hearing loss was added. Hearing loss was considered to 
be "mixed" when the mean of the pure tone air conduction thresholds exceeded 
15 dBHL and when the mean air-bone gap exceeded 7.5 dB. The age of the sub-
jects in this test group varied from 10 to 85 years. with a mean of 34 years. 
Only data of one ear per subject were used. 
Table I. Selection criteria for the "extrinsic· classification of 
cochlear conductive. and mixed hearing loss using the tone 
audiogram. 
cochlear 
conductive 
mixed 
Equipment and procedures 
mean air-bone gap < 7.5 dB 
no air-bone gap > 10 dB 
mean bone conduction threshold < 15 dB 
no bone conduction threshold > 20 dB 
air conduction threshold > 15 dB 
mean air-bone gap > 7.5 dB 
A complete description of the equipment and measurement methods is given in 
chapter IV. 
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Data processing 
The data for the horizontal shifts of the 1(L) curves and for their first deriva-
tives were obtained in chapter IV. The standard procedure in the SPSS-X com-
puter program was used for the linear discriminant analysis. As a first step deter-
mination of the best combination of parameters was carried out by discriminant 
analysis for all ears. For reasons of statistical correctness the final classification 
phase was done by the "leaving-one-out method" (Lachenbruch (1975)). This im-
plies that each ear was classified using discrimination functions based on all other 
ears. 
Results 
Table H. Percentage of correctly classified ears v.:ith both 
purely cochlear and purely conductive hearing loss together. as 
a function of various combinations of the 4 parameters of the 
I (L) curve. ABR-T: response threshold; I (L )-shift: horizontal 
shift of the I (L) curve: I'(L)-shift: horizontal shift of the fJISt 
derivative of the l(L)-curve: 1 VT: maximum peak Vs latency. 
ABR-T- l(L)-shift 
ABR-T- l'(L)-shift 
ABR-T -IVy 
ABR-T -l(L)-shift-l'(L)-shift 
ABR-T -I(L)-shift-!Vy 
ABR-T- J'(L)-shift- IVy 
ABR-T -I(L)-shift-l'(L)-shift-IVy 
87 
91 
86 
94 
86 
9! 
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The potentials for discrimination were investigated for ears with response thres-
holds of 35 dBnHL and higher. for the reasons stated in chapter IV. For this sub-
set of the population. table II gives data on the capacity to separate the groups 
that are "extrinsically" classified by the tone audiogram as belonging to the 
purely-cochlear or purely-conductive type. The percentages of ears with cochlear 
or conductive hearing loss that were thus classified by means of the brainstem 
response data are given as a function of the combinations of the response thresh-
old (ABR-T). the horizontal shift of the I(L) curve (I(L)-shift). the horizontal 
shift of the first de1ivative of the I(L) curve ( J'(L)-shift) and the latency of 
peak V at threshold level (1-Vt). Tne best overall agreement between the clas-
sifications based on the brainstern response data. on the one hand. and the pure 
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tone audiogram on the other hand was 94%. This was found for the combination 
of the response threshold and the shifts of both the l(L)-curve itself and its· 
derivative. The table also shows that adding the latency of peak V at threshold 
level does not improve the classifications. 
The reference data for the peak V latency for male and female subjects in this 
study are given in Appendix A. 
Having determined that combination of parameters of the i(L) curve that gives the 
best discrimination. this combination was used to classify the ears with response 
thresholds above 30 dBnHL as having cochlear. mixed or conductive hearing loss. 
The parameters of these classification functions are given in Appendix B. 
The classification phase was repeated. but now by the "leaving-one-out method". 
as described in the section on data processing. The results are given in table III. 
The percentages are corrected for the numbers of ears in different groups. In this 
table the data for the ears that are classified by brainstem response data as suf-
fering from cochlear. conductive or mixed hearing loss are broken down by "ex-
trinsic classification". Thus. for instance. if according to the brainstem response 
dara a patient suffers cochlear hearing loss (first column). in 86% of the cases 
this is in agreement with the "extrinsic" classification by the tone audiogram 
criteria. 3% of these ears were classified by the tone audiogram as having conduc-
tive and 11% as mixed hearing loss. 
Table UL Cross-classification table. giving 'cochlear, conductive and 
mixed hearing loss obtained from brainstem response data (response thres-
holds above 30 dBnHL) and discriminant analysis against the 'extrinsic" 
classification using the tone audiogram. The figures have been corrected to 
allow for differences in the numbers involved in of the three categories of 
hearing loss. ( ... ): number of ears. 
ABR+discrim. anal. tone audiogram 
cochlear conductive mixed total 
cochlear 86% 3% 11% 100% 
(51) ( 1) (2) 
conductive 0% 68% 32% 100% 
(0) (25) (6) 
mix'!d 14 o/o 25% 61% 100% 
(7) (7) (9) 
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Discussion 
With the help of linear discriminant analysis it appears to be possible to combine 
various parameters of the I(L) curve in a multi-dimensional space for distinguish-
ing between different types of hearing loss. The analysis phase enables a simple 
classification formula to be compiled as described in Appendix A. Thus the proces-
ses involved from the determination of the peak V latencies to the classification 
of the type of hearing loss. can be automated and the reliability of the results 
can be quantified. We consider this a welcome supplement in the clinical use of 
brain stem response audiometry. 
Table HI shows the impact on the clinical practice of this calculation. In the first 
row 86% of the ears that were classified by the brainstem response data as having 
cochlear hearing loss were placed in the same category using lhe tone audiogram 
criteria. In another ll% the tone audiogram showed at least a cochlear component 
in the hearing loss. and in only 3% was there no agreement at all between the 
lwo measuremenls. This means lhat when brainstem response data indicate that a 
patient has cochlear hearing loss. further therapy and guidance appropriate to rhis 
handicap should take place without delay. The second row in the table shows that 
when according to the brainstem data lhe hearing loss is of the purely conductive 
type. purely cochlear impairments can be excluded. However. in 32% of the cases 
the tone audiogram shows a cochlear component in the hearing loss. Thus the 
brainstem diagnosis "conductive hearing loss" always means that there is at least 
a conductive component in the hearing loss. Those cases in which there was no 
agreement between the intrinsic and extrinsic classifications were all reviewed 
separately. No specific common aspect was found in the pure tone audiogram that 
might be associated with the misclassifications. However. no proper statistical 
investigation on this matter could be done due to insufficient numbers. 
Because 32% of the cochlear components were missed. a second measurement after 
treatment of the conductive hearing loss is the logical next step. When the brain-
stem data classify a hearing loss as "mixed". in 14% of the cases therapy for the 
conductive component in the hearing loss will be unnecessary. causing an un-
desirable delay in starring the treatment for cochlear hearing loss. 
In principle. for optimum results one of the conditions for the application of 
linear discriminant analysis is that covariance matrices should be equaL Box·s 
M-test showed that for the present data the covariance matrices were significant-
ly different (p:O.OOO l ). Strictly speaking. this indicates that a logistic discriminant 
analysis is preferable to a linear one. However. the inequality of the covariance 
matrices can at least partly be explained by the "cut-off effect". caused by leav-
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ing out the ears with response thresholds below 35 dBnHL. Moreover. Schmitz et 
al.( I 983. I 985) have demonstrated that for numerical variables the linear dis-
criminant analysis is nearly as robust as the logistic one. Therefore. for the sake 
of simplicity and clinical applicability we choose the Jjnear discriminant analysis. 
the more so as the resulting discrimination appears to be quite satisfactory. 
In these interpretations of the presented data it is important to keep in mind 
that such figures are influenced by the prevalence of the different types of hear-
ing impairment in the population to be measured. The results shown in table III. 
from the standard procedure discriminant analysis (SPSS-X). are only correct for 
equal prevalences. However. Kankkunen (l982) for instance. estimated the preva-
lence of conductive hearing loss for infants in the Swedish population to be 50 
times higher than that of cochlear hearing loss. The reports on the ratio of these 
prevalences in the Netherlands are not consistent and moreover. an unknown. 
probably large proportion of patients with conductive hearing losses will never be 
submitted to brainstem response audiometry because the ENT surgeon will already 
have treated them successfully. In the authors' clinical setting the ratio of pa-
tients that were diagnosed by brainstem response data as having cochlear. conduc-
tive or mixed hearing loss was until now I :3:1. To use this ratio in further cal-
culations is of course statistically questionable. but we consider that in our clinic 
it gives a reasonable approximation to the unknown reality. 
Table IV. Cross-classification table. givin'g cochlear, conductive and 
mixed hearing loss obtained from brainstem response data (response !lues-
holds above 30 d.BnHL) and discriminant analysis against the 'extrinsic' 
classification using the tone audiogram. The figures have been corrected for 
differences in the numbers involved in the three categories of hearing loss. 
The prevalence-ratio used for cochlear, conductive and mixed hearing loss 
is 1: 3: 1. ( ... ): number of ears. 
ABR+discrim. anal. tone audiogram 
cochlear conductive mixed total 
cochlear 85% 3% 12% 100% 
(49) (I) (2) 
conductive 7% 52% 41% 100% 
(7) (31) (13) 
mixed 19% 16% 65% 100% 
(2) (I) (2) 
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The results of discriminant analysis corrected for the above mentioned prevalence 
ratio are shown in table IV. The agreement between the diagnoses based on brain-
stem response data and the tone audiogram becomes slightly less favourable for 
the dass "cochlear hearing loss". The brainstern diagnosis "conductive hearing 
loss" should have been "cochlear" according to the tone audiogram in 7% of cases. 
In the remaining 93% it correctly determines the existence of a conductive hear-
ing loss. though in about half of that group a cochlear component is missed. The 
brainstem diagnosis "mixed hearing loss" now correctly indicates a conductive 
hearing loss component in 81% of cases. but in 16% the suggested cochlear com-
ponent was not evident in the pure tone audiogram. Thus it appears that the 
reliability of the method (as is. of course. true for ali clinical tests) is influenced 
by the prevalences of the types of hearing Joss to be detected. However. a more 
realistic prevalence ratio does not affect the reliability of the prediction of a 
cochlear hearing loss. while the existence of a conductive hearing loss is still 
correctly determined in most cases. Thus it is still nor possible to make a clear 
distinction between mixed and conductive hearing loss. 
The aim of this study was to determine the value of air-conducted brainstem 
response audiometry for the classification of different types of hearing loss. As 
has been demonstrated before. in some cases the classification is not completely 
reliable. In cases with response thresholds below 35 dBnHL. and in some cases 
when the brainstem diagnosis is "conductive" or "mixed hearing loss". welcome 
additional information might be obtained with the help of bone conducted stimuli. 
Though the practical value of this instrument in brainstem response audiometry 
has been questioned (Kavanagh and Beardsley (1979)). several authors have de-
scribed its merits (Hooks and Weber (1984). Hofmann and Flach (1981). Mauldin 
and Jerger (1979)). Especially the Cancellation method (Boezeman et al.(1985)). and 
the "Derived bone conduction threshold". (Hicks (1980)) were described to be 
promising. 
Conclusions: 
1. Linear discriminant analysis. applied to the combination of the brainstem resp-
onse threshold. the horizontal I(L) shift and the horizontal shift of the 
derivative l(L) curve. is a useful instrument for the classification of different 
types of peripheral hearing loss. 
2. For hearing losses with response thresholds above 30 dBnHL the brainstem 
classification "cochlear hearing loss" is in good agreement with the diagnosis 
obtained using the pure tone audiogram. 
64 
3. For hearing losses with response thresholds above 30 dBnHL the brain stem 
classifications "conductive hearing loss" and "mixed hearing loss" are in good 
agreement with the existence of a conductive component in the pure tone 
audiogram. 
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Appendix A 
Means and standard deviations of peak V latencies in nonnal hearing for male and 
female subjects. 
Male Female 
Stim. 
level N mean st. dev. N mean st. dev. 
dBnHL 
!00 20 5.5! 0.!6 19 5.43 0.12 
90 20 5.54 0.!4 19 5.45 0.09 
80 20 5.62 0.!3 18 5.51 0.12 
70 20 5.75 0.!5 !8 5.67 0.15 
60 20 5.85 0.16 !9 5.73 0.13 
50 20 6.!3 0.19 !9 5.99 0.20 
40 20 6.50 0.23 19 6.32 0.27 
30 20 6.97 0.22 19 6.80 0.35 
20 20 7.53 0.31 19 7.29 0.41 
!0 14 8.2! 0.19 17 7.81 0.41 
0 5 9.04 0.11 
66 
Appendix B 
The linear classification function used is represented by the fo1111ula: 
Ylin is the classification score: b0 is a constant provided by the analysis: b 1. b2 
etc. are the classification coefficients provided by the analysis and are used for 
weighing the predictor variables X 1. x2 etc .. ln this study X 1 etc. represent the 
brainstem data from which the classification has to be made: the horizontal shift 
of the I(L) curve. the shift of the derivative of this curve. the response threshold 
and the peak v·s latency at threshold level. The classification functions are 
derived from the discrimination functions. using a prevalence ratio of I :3: I for 
cochlear. conductive and mixed hearing loss. respectively. The classification func-
tions estimate the classification score that a hearing loss is of cochlear. conduc-
tive or mixed type. The type of hearing loss with the highest classification score 
should be chosen. For our material the classification functions are: 
Cs(cochlear) ~ 0.391(ABR-T) - 0.160(1(L)-shift) - 0.041(1.(L)-shift) - 9.874 
Cs(conductive) = 0.!49(ABR-T) + 0.040(!(L)-shift) + 0.1!3(!'(L)-shift) - 7.582 
Cs(mixed) = 0.227(ABR-T) - O.OlO(l(L)-shift) + 0.056(l"(L)-shift) - 9.269 
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Chapter v1 
Brainstem electric response audiometry: 
Estimation of the amount of conductive hearing loss with and without use of 
the response threshold 
J.F.C.v.d.Drift. G.A.v.Zanten. M.P.Brocaar 
Audiology. submitted for publication 
Abstract 
Three aspects of brainstem response audiometry were investigated in the present study. 
1. The brainstem response threshold was compared with the pure tone audiogram in 40 pa-
tients with conductive hearing loss. The br:linstem response threshold has a one to one rela-
tionship with the mean of the pure tone thresholds at 2 and 4 kHz. The correlation coeffi-
cient in this comparison is 0.84 and the standard error of the estimate is 8.3 dB. Tok.ing into 
account corresponding results in cochlear hearing loss (chapter II) it is concluded that the 
brainstem response threshold provides a good estimate of the amount of peripheral hearing 
loss. independent of the type of hearing loss. 
2. In chapter V it was shown that different types of peripheral hearing loss can be distin-
guished reliably with brainstem response audiometry. Parameters relevant for this distinction 
were the horizontal shift of the latency-Level curve (l(L)-curve) that of its derivative and 
the response threshold. In the clinical situation measurement of the response threshold is not 
always possible due to restlessness of the patient. To simulate this situation we randomly 
trunc..1ted the lower parts of the l(L)-curves of quiet patients. The test group consisted of 22 
adult normally hearing subjects. 79 patients with cochlear hearing loss. 40 with conductive 
hearing loss and 22 with mixed hearing loss. Linear discriminant analysis was applied to the 
horizont..1! shift of the !(L) curve and of its derivative. The brainstem diagnosis "normal hear-
ing" correctly excludes a conductive hearing loss in 98% of the cases and the bruinstem diag-
nosis "cochlear hearing loss" does so in 79%. The brainstem diagnosis "conductive hearing 
loss" correctly predicts a conductive component of hearing loss in 94% of the cases and the 
brainstem diagnosis "mixed hearing loss" does so in 90%. The distinction between cochlear 
bearing loss and normal hearing is not reliable. neither is the distinction between conductive 
and mixed hearing !oss. 
3. Tl1e amount of the conductive component of hearing loss can be estimated by the horizon-
tal shift of the l(L) curve. Statistical comparison with the mean of the air-bone gaps at 2 
and 4 kHz gave a corre!o.tion coefficient of 0.77. a standard error of the estimate of 9.7 dB. 
and a slope of the regression line of 0.93. An overestimation of about 7 dB has to be taken 
into account in case of mixed hearing loss. 
Dans cette Ctude on a examine trois aspects du potentiel evoqu6 du tronc c6rCbral. 
I. Le seuil de ce potentie! a CtC compare avec l"audiogramme chez 40 patients ayant une sur-
dire de conduction. Le sueil de ce potentiel a une relation d"un sur un avec Ia moyenne des 
seuils d"audiogramme a 2 et a 4 kHz. Dans cene comparaison. le coefficient de corrClation est 
de 0.84. et Ia dCviation standard de Ia d6termination est de 8.3 dB. En tenant compte des 
rCsultats correspondants dans les surdites de perception (chapitre II) on peut conclure que le 
seuil du potentiel CvoquC du tronc c6n!brat procure une bonne determination de Ia mesure de 
surdite p6riphCrique. que! que soit le type de surditC. 71 
2. Auparavant (chapitre V) il a ere demontrC que dans les potentiels evoqm!s du tronc 
cCrCbral on peut distinguer avec fiabilite des types differents de surditC peripherique. Les 
parametres pour cette distinction Ctaient le deplacement horizonto.l de Jo. courbe de latence et 
d"intensitC. celui de sa courbe derivCe et le seuil du potentiel. Dans Ia situation c!inique. il 
n'est pas toujours possible de determiner le seuil du potentiel. a cause de !'agitation du 
patient. Pour simuler cette situation on a randomisC les parties inferieures des courbes de 
patients tranquilles. Le groupe avec de personnes examinCes comprend 21 adu!tes avec 
perception normale. 79 patients souffrant d'une surdite de percetion. 40 patients avec une 
surditC de conduction et 22 patients ayant une surditC mixte. L"analyse discriminante linCaire 
a CtC appliquee au depl::tcement horizont.J.l de l:l courbe de latence et d"intcnsitt': et a sa 
dCrivCe. Quand le diagnostic du potentiel CvoquC est 'perception normale' c'est dans 98% de 
cas qu'il exclut correctement une surdite de conduction. Pour le diagnostic ·surdit6 de 
perception·. ceci est valable dans 79% des cas. Quand le diagnostic du paten tiel (:voquC est 
·surditC de conduction· c'est dans 94% des cas qu"il prCvoit correctement un component de 
conduction. Pour le diagnostic ·surditC mixre· ceci est valable dans 90% des c..'l.s. Le distinction 
entre Ia surditC de perception et Ia perception normalc est imprCcise. II in est de mCme pour 
Ia distinction entre b surditC de conduction et b surditC mixte. 
3. On peut estimer Ia composante conductible de surdit6 par le dCplacement horizontal de Ia 
courbe !(L). La comparaison sta.tistique au moyen d'"air-bone gaps" a 2 et a 4 kHz a donne 
un coefficient de corrCiation de 0.77 une dCviation standard de Ia dCtermination de 9.7 dB et 
une inclinaison de Ia ligne de regression de 0.93. En cas de surdit6 mixte il faut tenir compte 
d"une surestimation d"environ 7 dB. 
Introduction 
Brainstem response audiometry has nowadays become part of clinical routine. How-
ever. it is not known exactly how reliable the method is. We have assessed some 
aspects of the reliability in previous studies. The present study deals with three 
more practical questions. 
1. The brainstem response threshold in conductive hearing loss. 
The auditory brainstem response threshold has been shown to be a useful instru-
ment for estimating the amount of high frequency cochlear hearing loss (chapter 
11). The response threshold shows a good correspondence with the mean of the 
pure tone thresholds at 2 and 4 kHz. 
The brainstem response threshold can also be used to distinguish between differ-
ent types of hearing loss (cochlear. conductive or mixed hearing loss). For this it 
is necessary to determine the response threshold in combination with the horizon-
tal shift of the peak v·s latency-level curve (l(L) curve) (also known in as laten-
cy-intensity curve) and the horizontal shift of its first derivative. A linear com-
bination (derived by discriminant analysis) of these 3 parameters enables the clas~ 
sification of hearing losses in the 3 catagories mentioned above and also the cal-
culation of the reliability of this classification: in an earlier study cochlear hear-
ing loss and hearing loss with a conductive component were classified in this way 
and the results corresponded with the classification results based on the audio-
gram in 90% of the cases (chapters IV and V). 
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The reliability of the brainstem response threshold for estimating the amount of 
hearing loss has not yet been assessed for conductive hearing losses. it is one of 
the aims of this study to present such an assessment. If the amount of conductive 
hearing loss can be estimated as reliably as that of cochlear hearing loss for cor-
responding frequencies. the response threshold can be used to estimate the amount 
of a hearing loss independently of its etiology. 
2. Determination of the type of hearing loss when the brainstem response thres-
hold cannot be measured. 
In clinical practice brainstem response audiometry is frequently used in patients in 
whom it is often the only method of determining hearing acuity. In such cases we 
also have to establish the type of hearing loss from the brainstem response data. 
It has already been shown that it is not possible to discriminate satisfactorily 
between the conductive and mixed types of loss (chapter V). The eJcistence of a 
conductive component in a hearing loss. however. could be accurately predicted: 
the brainstem diagnosis "conductive hearing loss" correctly predicted a conductive 
component in 100% of the cases and the brainstem diagnosis "mixed hearing loss" 
was correct in 86% of the cases. 
A complicating matter in this assessment is the impossibility of determining the 
brainstem response threshold in all cases. because of the restlessness of some 
patients. It is our experience that this happens in infants and children in about 
15% of cases. Therefore it is of practical interest to know how reliable the brain-
stem response assessment of hearing loss is wheri we do not know the response 
threshold. 
We can simulate this condition by randomly truncating the I(L) curves (as de-
scribed in more detail in the section on data processing). Then the classification 
procedure. described in chapter V can again be applied. Thus a second aim of this 
study is to assess the reliability of classification of hearing losses by using ljnear 
discriminant analysis of brainstem response data when the response threshold is 
not known. 
3. Determination of the size of the conductive component in hearing loss. 
Even if the existence of a conductive component in a hearing loss can be confir-
med reliab1y by a classification based on brainstem response data (with or without 
use of the response threshold). we stili need to know the degree of reliability 
with which the size of this conductive component can be determined. In the li-
terature (see next section). it is suggested that this can be measured by the 
horizontal shift of the I(L) curve. The third aim of the study focusses on the 
reliability of this procedure. 
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Literature 
Yamada et al.(1975) studied the brainstem responses in 23 subjects with conductive 
hearing loss. Eleven of these conductive hearing losses were artificially induced 
by ear plugs. Yamada et al. plotted the l(L) curves for peak V of the subjects 
together with the reference curve. He calculated the amount of hearing loss in 
the ears tested by measuring the horizontal shift of the patient curve in relation 
to the reference curve at threshold level. Yamada et al. found that the thus de-
termined loss correlated best with the pure tone threshold at 4 kHz. In 83% of 
the cases the difference between the two measurements was 15 dB or less. The 
proportion of patients with ear plugs in the given 83% was not mentioned. The air 
conduction thresholds in this comparison ranged from 15 to 50 dBHL. 
Suzuki and Suzuki ( 1977) measured click stimulated auditory brainstem responses 
and pure tone audio grams in 20 children with otitis media with effusion and in 10 
children with normal hearing. The averaged Fletcher index for the pure tone 
audiograms of the children with OME differed by 16 dB from that for the group 
with normal hearing. The amount of hearing loss in the test group with OME 
measured by brainstem response audiometry (similar to Yamada et al.(1975)) ranged 
from 15 to 20 dB. The range of the pure tone thresholds was not mentioned. 
neither was. any further analysis reported in comparing the two measurements. 
Fria and Sabo (1979) conducted a study similar to that of Yamada et al.(1975). 
They also found that the best correlation between the hearing losses as predicted 
by brainstem response audiometry and the pure tone threshold was at 4 kHz. The 
difference between the two measurements was less than 15 dB in 7 of the 10 sub-
jects. 
Borg et al.(l981) studied auditory brainstem responses in 10 subjects with conduc-
tive hearing loss. Their main objective was to find what correction was required 
when the existence of conductive hearing loss made it difficult to diagnose retro-
cochlear pathology using brainstem audiometry. They mentioned a correlation of 
0.84 between the horizontal shift of the I(L) curve and the air-bone gap in the 
tone audiogrfull at 3 kHz. No information was given on the range of the conduc-
tive components. 
McGee and Clem is ( 1982) used a slightly different method to calculate the hori-
zontal shift of the patient l(L) curve. In a group of patients with conductive 
hearing losses they took the horizontal distances between all the data points of a 
patient's curve and the reference curve. The amount of hearing loss was estimated 
by averaging the distances. Tone pips of l. 2 and 4 kHz were used as stimuli in 
brainstem response audiometry. In a scatterplot they showed the shift of the I(L) 
curve as a function of the air-bone gap in the tone audiogram in 5 ears with 
artificially-induced conductive hearing loss (ear plugs) and in IS ears with middle 
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ear effusion. A line with a slope of 45° and a zero intercept was drawn through 
the data. All but 6 data points were within I 0 JB of this line. In another scatter 
plot similar data were given for 7 ears with otosclerosis and 5 ears with ossicular 
chain discontinuity. The data showed somewhat more scatter and a line. fitted by 
eye (by the authors of the present study) suggests a slope that deviated consider-
ably from 45°. In both figures one ear can be represented by between one and 3 
data points (for the 3 frequencies). McGee and Clemis did not report to what ex-
tent deviating data points came from different patients. 
Chisin et al.(l983) conducted a study in 32 subjects with conductive hearing loss. 
They plotted the latencies of peak l and peak V in click-stimulated brainstem 
response audiometry against various air conduction thresholds and air-bone gaps in 
the tone audiogram. In the total group the highest correlation was found between 
the latency of peak I and the air conduction threshold at 4 kHz (r=0.62). In this 
case the hearing loss ranged from I 0 to 50 dB. The best relationship was found in 
a subset of the population: 10 patients with OME. For this group the correlation 
coefficient between the latency of peak I and the air conduction threshold at 
0.5 kHz was 0.66. the standard error of the estimate was 6.1 dB. No information 
was given on the range of hearing losses in this subset of the population. 
In summary. the literature indicates that in cases of conductive hearing loss the 
horizontal shift of the I(L) curve can be used to give an estimate of the amount 
of hearing loss. However. the number of ears tested are small in most studies. as 
are the ranges of hearing losses involved. Therefore the presented data do not 
often allow a clear interpretation or comparison with other studies. 
Summarizing the preceding considerations we come to the following questions: 
1. What is the relationship between the auditory brainstem response threshold and 
the pure tone threshold in conductive hearing loss? 
2. How reliable is the classification of hearing losses based on linear discriminant 
analysis of brainstem response data. when the response threshold is not 
known? 
3. How valuable is the horizontal shift of the I(L) curve for estimating the 
amount conductive hearing loss or the relative size of the conductive compo-
nent in mixed hearing loss? 
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Procedures 
Equipment and measurement methods 
The equipment is described in detail in chapter II. (See table l of this chapter for 
summary). 
Table I. Summary of data on measurement technique 
Click polarity 
Click duration 
Click repetition frequency 
Headphone 
Electrode impedances 
Filter bandwidth 
Filter slopes 
Number of runs 
Artifact rejection levels 
Time resolution 
alternating 
lOOp.s 
20Hz 
TDH-39 
< 2kn 
10-4000 Hz 
24dB/oct. 
2048 
-12.5 to +12.5 p.V 
29.3 p.s 
The initial stimulation level was l 00 dBnHL. DePending on the resulting response. 
the level was increased or decreased in steps of 10 dB until the threshold level 
was approached. The threshold level was defined as the lowest stimulation level 
with a reproducible peak V in the response. The threshold level was determined in 
steps of 5 dB. All responses were assessed by two experienced observers [M.B .. 
F.v.d.D] who had no knowledge of the pure tone audiogram. 
Patient selection 
The test population was described previously in the chapters IV and V. In table 
na the selection criteria are summarized for the "extrinsic" classification of the 
subjects using the tone audiogram to indicate whether they have normal hearing 
or conductive. cochlear. or mixed hearing loss. The number of male and female 
subjects in each group and also. the ranges and the means of their ages are given 
in table lib. 
Data processing 
To compute the horizontal shift of the I(L)-curve in each case. the level differen-
ces between the individual and the reference curve were measured and averaged 
in the way described by McGee and Clemis (1982). Peak V latencies below 5.9 ms 
were not included in the calculations. (Chapter lll). 
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Table Ha. Selection criteria for the 'extrinsic' classification of 
normal hearing and cochlear. conductive or mixed hearing loss 
using the tone audiogram. 
normal hearing mean air conduction threshold < 7.5 dBHL 
cochlear 
conductive 
mixed 
no air conduction threshold > 15 dBHL 
mean air bone gap 
no air bone gap 
< 7.5 dB 
> !0 dB 
mean bone conduction threshold < 15 dBHL 
no bone conduction threshold > 20 d.BHL 
mean air-bone gap > 7.5 dB 
air conduction threshold > 15 dBHL 
Table lib. Ages and numbers of subjects in the four subgroups of the test 
population. after truncation of l(L) curves (see Data processing). In all 
cases one ear per subject was included. 
age in years number 
mean range male female 
normal hearing 27 20-40 12 10 
cochlear hearing loss 45 10-85 30 37 
conductive hearirig 24 10-45 23 17 
mixed hearing loss 34 10-85 12 5 
Derived l(L)-curves were obtained by piecewise linear approximation by taking the 
differences between the latencies of peak V per I 0 dB difference in stimulation 
level. The horizontal shifts of the thus formed derivatives of the I(L) curves rela-
tive to the derivative of the reference curve were calculated in a similar way to 
the horizontal shifts of the l(L)-curves themselves. (Chapters IV and V). 
To investigate the value of brainstem response audiometry for identifying and 
measuring conductive hearing loss without the use of the response threshold the 
following model was chosen: the lower-level parts of all I(L) curves in the entire 
test population were truncated randomly: the numbers of data points removed from 
each patient's l(L) curve were randomly drawn from a uniform distribution be-
tween 2 and (n-2). where n is the total number of data points per l(L) curve. 
Classification of the hearing losses was done by linear discriminant analysis using 
the horizontal shifts of the truncated I(L) curve and its derivative in a similar 
way to that described in chapter V. 
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Results 
1. The relationship between the brainstem response threshold and the pure tone 
audiogram in conductive hearing loss 
Table Ill. Statistical analysis of the difference between the auditorybrainstem response threshold 
and the air conduction threshold for the octave frequencies between 0.25 and 8 kHz and for the means 
of 2 and 4 kHz. 
Relations PTA-ABRT Pnre-tone frequency (kHz) 
0.25 0.50 1.0 2.0 4.0 8.0 2-4 
Mean difference. dB -4.0 -10.0 -14.0 -13.4 -1.3 -0.7 -6.0 
Standard deviation of difference. dB 15.9 15.5 14.0 9.8 11.6 13.3 8.7 
Correlation coefficient 0.56 0.57 0.63 0.80 0.72 0.58 0.84 
Slope of the regression line 1.31 1.32 1.16 0.96 0.98 0.88 0.96 
Standard error of the estimate 142 13.8 12.8 9.4 10.8 11.7 8.3 
Table III shows the results of the statistical comparison of the brainstem response 
threshold with the air-conduction threshold for the group of patients with a pure 
tone audiogram of the conductive type (n =40). Plots of the correlation coefficients 
and the standard errors of the estimate as a function of the tone frequencies are 
given in fig. I (The dotted vertical line represents the mean of 2 and 4 kHz). The 
best correspondence between the response threshold and the tone threshold is 
found for the mean of the pure tone thresholds at 2 and 4 kHz. giving a correla-
tion coefficient of 0.84. a standard error of the estimate of 8.3 dB and a regres-
sion line given by the function Y=0.96X-5 dB. 1 
The data from which this best correspondence is derived are shown in fig.2. a 
scatter plot with the mean of the air conduction tone thresholds at 2 and 4 kHz 
against the response threshold. 
2. Distinguishing between different types of hearing loss without knowledge of 
the response threshold. 
All ears in the entire test group (n= 146) were classified by linear discriminant 
analysis into the 4 categories normal hearing. cochlear. conductive or mixed hear-
ing loss. The same procedure was followed as described in chapter V. but now 
1 The regression analysis was done in both directions. yielding 2 slope coefficients. 
Because both thresholds are measurements with about equal inaccuracy. the slope coefficient 
given is the mean of the 2 slope coefficients. 
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Results of the regression analysis between the auditory brainstem response thresh-
old and !he pure tone audiogram as a function ~[ the .frequencies Q{ the audio-
gram. 
I a : correlation ~oefficicnt 
I b : stai1dard error of rtu: estimate 
The doffed varicaf line represenrs the mean of 2 and 4 f.:.H::. 
analysis and classification were done on truncated l(L) curves and their deriva-
tives and no response thresholds were included. The parameters and Fisher-func-
tions for the classification are given in Appendix A. 
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The results of this procedure are presented in table IV. It shows in parentheses 
the number of ears that are classified by brainstem response data as normal or 
suffering from cochlear. conductive or mixed hearing loss: the data are also sub-
divided by the classification based on the pure tone audiogram. The percentages 
shown are indirectly related to the actual number of ears: the percentages show 
the results that are found if the numbers of ears in the 4 audiogram categories 
are assumed to be equal. 
Thus. for instance. if an ear suffers from conductive hearing loss according to 
brainstem response data (third line). in 55% of cases this is in agreement with the 
classification according to the tone audiogram. 39% of these ears were classified 
by the tone audiogram as having mixed hearing loss and 6% as having cochlear 
hearing loss. 
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3. 
Table IV. Cross-classification table. giving nonnal hearing. cochlear, conductive. 
and mixed hearing loss obtained from brainstem response data without response thres-
hold and discriminant analysis against the ·extrinsic" classification using the tone 
audiogram. The figures have been corrected to give equal numbers in each of the four 
subsets of the population. The actual number of ears are given within parentheses. 
ABR without resp. tone audiogram 
thresh.+disc. anal. normal cochlear conductive mixed total 
normal 66% 32% 2% 0% 100% 
(19) (28) ( 1) (0) 
cochlear 19% 60% 21% 0% 100% 
(3) (28) (6) (0) 
conductive 0% 6% 55% 39% 100% 
(0) (4) (20) (6) 
mixed 0% 10% 30% 60% 100% 
(0) (7) (13) ( 11) 
The horizontal shift as an estimate of the conductive component in hearing 
loss. 
A statistical comparison. between the horizontal shift of the I(L) curve and the 
mean of the pure tone air conduction thresholds at 2 and 4 kHz gave a correla-
tion coefficient of 0.82. a standard error of the estimate cf 9.1 dB and a slope 
coefficient of the regression line of 0.88. Fig.3 shows the corresponding scatter 
plot. 
Discussion 
l. The relationship between the brainstem response threshold and the tone audio-
gram in conductive hearing loss. 
Comparing the results of the present study with those of chapter II. the smallest 
standard error of the estimate in conductive hearing loss (8.3 dB) appears to be 
significantly smaller than that in cochlear hearing loss (11.1 dB) (F-test: p<O.Ol). 
In the population with normal hearing the standard error of the estimate in a 
similar regression analysis is 5.0 dB. This is significantly smaller than in either 
conductive or cochlear hearing loss (F-test: p< 0.0 I). Apparently both middle and 
inner ear pathology introduce factors which cannot be accounted for in the rela-
tionship between the brainstem response threshold and the pure tone threshold. 
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The significant difference between the standard errors of the estimate in cochlear 
and conductive hearing loss indicates that the effect of pathology on the relation-
ship between the two measurements is larger in cochlear than in middle ear pa-
thology. 
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Fig. 3 
Scarter diagram of the average of pure tone t!m:sholds ar 2 and 4 kHz versus the 
horizoma/ shift of !he l(L) curve in conductive hearing loss. 
Regression analysis is the suitable instrument for estimating how closely the two 
measurements are related. However. one must be aware of the limited value of 
regression parameters such as the correlation coefficient. For instance. in the 
present study the correlation coefficient between the brainstem response threshold 
and the average of the pure tone thresholds at 2 and 4 kHz (0.84). is smaller 
than the corresponding figure for cochlear hearing loss (0.93) (chapter II). At 
first sight this suggests a better relationship between the two measurements in 
cochlear hearing loss than in conductive hearing loss. However. the situation is 
the reverse for the standard error of the estimate (I I. I dB for cochlear hearing 
loss and 8. 7 dB for conductive hearing loss) which suggests a better relationship 
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between the two measurements in conductive hearing loss. This difference is 
caused by the wider dynamic range in cochlear hearing loss. 
From the comparison of the relationships between the brainstem response thres-
hold and the tone audiogram in cochlear and conductive hearing loss we conclude 
that the former provides a good estimate of the total amount of peripheral hear-
ing loss. independent of the etiology of the hearing loss. 
2. Distinguishing between different types of hearing loss without knowledge ·of 
the response threshold. 
As was mentioned in the introduction. in the practical situation brainstem re-
sponse data are frequently the only data available for classifying hearing loss 
while the response threshold is not always known either. because of the restless-
ness of the patient. In the present chapter we have also paid attention to the 
value of brainstem response data in this situation. This was done by simulating 
the restlessness condition by randomly truncating the l(L) curves of adult patients 
(see section on Data processing). 
Of course every simulation has its drawbacks. In this case one has to trust that 
the resulting distribution of the differences between the lowest stimulation level 
used and the response threshold level is representative for that in the target 
group. The only way to determine the real shape of this distribution would be to 
measure a consecutive group of children and infants both with and without 
sedation/narcosis on the. same day. This procedure is not feasible in a clinical 
situation because of practical and ethical difficulties. 
To distinguish between cochlear hearing loss and normal hearing one depends on 
the very lower part of the curve which is actually missing in restless patients. 
So. if the response threshold is missing. the distinction between normal hearing 
and cochlear hearing loss ls not reliable. This is confirmed by the data in table 
IV. which show the results of classification based on brainstem response data 
without the response threshold. The brainstem diagnosis "nonnal hearing" is in 
agreement with the tone audiogram in only 66% of the cases. In 32% of cases a 
cochlear hearing loss is missed. The brainstem diagnosis "cochlear hearing loss" is 
in 60% of cases in agreement with the tone audiogram. However. the brainstem 
diagnosis ''normal hearing" correctly excludes a conductive component of hearing 
loss in 98% of the cases and the brainstem diagnosis "cochlear hearing loss" does 
so in 79%. 
In cases with the brainstem diagnosis "conductive" or "mixed hearing loss" a con-
siderable percentage of the ears has an audiogram indicating the "mixed" or "con-
ductive" type. respectively. The only question therefore that can be answered 
reliably about the hearing loss involved is whether there is a conductive compo-
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nent or not. As to the prediction of a conductive component in hearing loss. the 
brainstem diagnosis "conductive hearing loss" correctly predicts a conductive com-
ponent in 94% of cases. and the brainstem diagnosis "mixed hearing loss" does so 
in 90% of the cases. Ears with normal hearing were never diagnosed as having a 
conductive component. Apparently it is possible to make a reliable distinction 
between normal hearing and conductive hearing loss without use of the response 
threshold. 
To compare the classifications with and without using the response threshold. a 
similar classification is given in table V for the same subjects as in table IV. now 
using the complete l(L) curves. including threshold data. The brainstern diagnoses 
''normal hearing" and "cochlear hearing loss" are. as was to be expected. con-
siderably more reliable when the response threshold is also used. correctly predic-
ting 79% and 87% respectively. The identification of a conductive component in 
hearing loss does not become more reliable with use of the response threshold: 
the brainstem diagnoses "conductive" and "mixed hearing loss" correctly predict a 
conductive component in hearing Joss in 97% and 87% of cases respectively. Also 
the reliability of the distinction between conductive and mixed hearing loss is 
similar with and without use of the response threshold. 
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Table V. Cross-classification table. giving normal hearing, cochlear, conductive and 
mixed hearing loss obtained from brainstem response data including the response 
threshold and discriminant analysis against the "extrinsic" classification using the tone 
audiogram. The classification has been done for the same test group as that in table IV. 
The figures have been corrected to give equal numbers in each of the four categories of 
hearing loss. The actual number of ears are given within parentheses. 
ABR with resp. tone audiogram 
thresh.+disc. anal. normal cochlear conductive mixed total 
normal hearing 79% 15% 6% 0 100% 
(22) (13) (3) (0) 
cochlear 0% 87% 13% 0% 100% 
(0) (45) (4) (0) 
conductive 0% 3% 61% 36% 100% 
(0) (2) (28) (7) 
mixed 0% 13% 15% 72% 100% 
(0) (7) (5) (10) 
Although we have to keep in mind that the restless condition of patients was 
merely approximated by a simulation modeL we can conclude that identification of 
a conductive component in hearing loss can be done reliably. even if the brain-
stem response threshold is unknown. 
3. Determination of the size of the conductive component in hearing loss. 
In cases where the type of hearing Joss is known to be conductive (for instance. 
when cochlear hearing loss has been excluded in a previous examination). "the 
standard error in estimating the air-conduction tone threshold from the response 
threshold is 8.3 dB and 9.1 dB from the horizontal shift of the l(L) curve. The 
difference between both standard errors of the estimate was not significant 
(F-test). 
It is clear from the results that in these cases the response threshold is the best 
measurement of the amount of loss and that the horizontal shift is an almost e-
qually reliable alternative. 
Comparison of the results of the present study with the data in the literature is 
possible only to a limited extent. Yamada et al.(l975) reported that 80% of the 
predictions for the means of the pure tone thresholds at 0.5. I and 2 kHz were 
correct within 15 dB. ln the present study 95% of the means of the pure tone 
thresholds at 2 and 4 kHz were predicted correctly within 16 dB. a result some-
what better than but not dissimilar from that obtained by Yamada et a!. 
The range of the hearing losses in the studies by ·suzuki and Suzuki (1977). Fria 
and Sabo (!979) and Borg at al.(!981) are rather smalL Therefore their correlation 
coefficients can not be compared directly with ours. McGee and Clem is (I 982) 
show a dynamic range of hearing losses that is comparable to that in the present 
study. They do not present statistics as we do. but a comparison of their scatter 
diagram No.I with fig.3 in the present study gives a close similarity. 
In summary. in cases where the hearing loss is known to be conductive. we find 
that the horizontal shift of the I(L) curve yields at least as good an estimate of 
the amount of hearing loss as suggested by the literature. 
As was shov.rn. above. it is not possible to distinguish satisfactorily between con-
ductive and mixed hearing loss using brainstem response data. Part of the overlap 
between the hearing losses with a conductive and a mixed type audiogram is 
caused by the troublesome composition of the group with mixed hearing loss: in 
spite of the criteria chosen for classification of the hearing losses based on the 
audiogram (see table II). it is probable that a number of purely conductive losses 
were incorrectly put into the mixed group. due to the Carhart notch phenomenon. 
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In the clinical situation the effect of the overlap between ears with conductive 
and those with mixed hearing loss is smaller than it seems. because in the target 
group of patients the prevalence of the mixed hearing losses is much smaller than 
that of conductive hearing loss. 
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Scaner diagram of the average of the air~bone gaps at 2 and 4 kHz versus !he 
horizontal shift of rhe /(L) curve in conductive hearing loss (circles; n=40) and in 
nu):ed hearing loss (crosses: n=/7). J11e given results of regression analysis and 
the drawn regn:ssion line are based on the conductive hearing losses. 
Therefore we suggest using the horizontal shift of the l(L) curve for estimating 
the air-bone gap of ears that are classified as having conductive or mixed hearing 
loss according to brainstem response data. An indication of the reliability of the 
method is shown in figA. In this scatter plot the mean of the air-bone gaps at 2 
and 4 kHz is given as a function of the horizontal shift of the l(L) curve in the 
ears with an audiogram of the conductive type (circles: n =40). The corresponding 
data for ears with audiograms of the mixed type are added as crosses (n= 17). The 
given results of regression analysis are based on the data in the group with con-
ductive type audiograms: the correlation coefficient is 0.77. the standard error of 
the estimate is 9.7 dB and the regression line follows the formula Y=0.93X-7.8 dB. 
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Taking this regression equation for the two groups we compared the mean and the 
variance of the distributions of the residuals for the conductive and the mixed 
group. in order to evaluate the error in cases of mixed hearing loss. No sig-
nificant difference was found between the variances in the two groups (F-test). 
Naturally the mean in the conductive group is 0 dB. That for the mixed group was 
-6.8 dB and differed significantly from zero (T-test: p<0.05). 
We conclude that when a hearing loss is classified as conductive or mixed. the 
best we can do is to estimate the air-bone gap from the horizontal shift of the 
I(L) curve. taking into account an over-estimation of 7 dB in cases of mixed 
hearing loss. 
Clinical impact 
The consequence for the clinical practice is that when the brainstem diagnosis 
without response threshold is "conductive" or "mixed hearing loss". ENT treatment 
for a probable conductive component of hearing Joss is indicated. The size of the 
conductive component can be estimated to a certain extent. The next step will be 
repeated measurement under sedation or general anaesthesia. Without data on the 
response threshold the reliability of the brainstem diagnoses "cochlear hearing 
loss" and "normal hearing". is low. In these cases repeated measurement under 
sedation or general anaesthesia is needed in any case. 
Summarizing the data and their interpretation as given above. we come to the 
following conclusions: 
Conclusions: 
I. The brains tern response threshold provides a good estimate of the amount of 
hearing loss at 2 and 4 kHz. This is true for conductive hearing loss as well 
as for cochlear hearing loss. 
2. Brainstem response audiometry is a useful instmrnent for identifying the con-
ductive component in hearing loss. This determination can be carried out even 
when the brainstem response threshold is not available. 
3. If a conductive component is identified. its amount can be estimated by stu-
dying the horizontal shift of the I(L) curve. taking into account an overes-
timation of 7 dB in cases of mixed hearing loss. 
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Appendix A 
The linear classification function that is used is represented by the formula: 
Ylin is the classification score: b0 is a constant provided by the analysis: b 1. b2 
etc. are the classification coefficients provided by the analysis and by weighing 
the predictor variables X 1. x2 etc .. In this study X 1 etc. represent the brainstem 
data from which the classification has to be made: the horizontal shift of the l(L) 
curve and the shift of the derivative of this curve. 
The type of hearing loss with the highest classification score should be chosen. 
For our material the classification functions are: 
Cs(normal) = -0.015(l(L)-shift) + 0.042(!'(L)-shift) - 1.485 
Cs(cochlear) ~ 0.040(l(L)-shift) + 0.063(l"(L)-shift) - 2.169 
Cs(conductive) = 0.11 Q(!(L)-shift) + 0.160(l'(L)-shift) - 6.680 
Cs(mixed)~ 0.!68(l(L)-shift) + O.!ll(I"(L)-shift) - 7.360 
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Chapter VII 
Summary and concluding remarks 
The results of dick-stimulated brainstem response audiometry were compared with 
the results of pure tone audiometry in adult patients. The comparison focussed on 
two aspects: the measurement of the amount of hearing Ioss and the distinction 
between different types of hearing loss. In addition to what has been reported in 
chapters II-IV both aspects will be discussed briefly in the following two sections. 
surveying the results of the present study and dealing with the consequences for 
the clinical practice and suggestions for further research. 
l. The auditory brainstem response threshold as an estimate of the amount of 
hearing loss 
In chapter II and chapter VI the relationship between the auditory brainstem 
response threshold and the pure tone threshold is investigated. Both in cochlear 
and in conductive hearing loss a one-to-one relationship has been demonstrated 
between the response threshold and the mean of the air-conduction tone 
thresholds at 2 and 4 kHz. The correlation coefficients between the objective 
(brainstem response threshold) and the subjective (pure tone threshold) 
measurements were 0.93 and 0.84 for cochlear and conductive hearing loss: The 
standard errors of the estimate were l I .1 dB and 8.3 dB. 
lt was shown in a test-retest experiment. described in chapters II and UL that in 
adult patients the brainstem response threshold can be measured just as accurately 
as the pure tone threshold. The inaccuracy of the brainstem response threshold in 
normal hearing and in cochlear hearing loss was less than 4 dB. This is in the 
same range as the inaccuracy in the pure tone thresholds at 2 and 4 kHz 
according to the ISO standard (1983): 2.8 and 3.7 dB. 
Contrary to previous reports (Coats and Martin (1977). Jerger and Mauldin (1978). 
Kavanagh and Beardsley (1979). Bellman et al.(l984)) we conclude from the above 
figures that the brainstem response threshold provides as good an estimate for the 
amount of hearing loss at 2 and 4 kHz as the pure tone audiogram. irrespective 
of the type of hearing loss. 
In chapter II the limitations of using the brainstem response threshold were de-
monstrated. The strong relationship between the response threshold and the tone 
audiogram is only valid in the 2 and 4 kHz region. An instructive illustration was 
given in fig.3 of chapter n. showing that the brainstem response threshold can be 
normal in the presence of a considerable hearing loss at the low frequencies. 
Other methods must be developed for cases in which information on the low fre-
9! 
quency is essential. Brainstem response audiometry using tone pips (H.Davis et 
al.(l984.1985)) and masking technics (Eggenrnont and Don (1980). Van Zanten ancl 
Brocaar (1984)) have been reported to enable a good estimation of the hearing 
threshold ai low frequencies in normal hearing individuals. However. the feasibility 
of these methods in examining patients with hearing disorders remains to be stud-
ied. Also the use of the middle latency response and especially the 40 Hz 
Event-Related Potential (Galambos et al.(l981)) could be considered a promising 
method for determining a frequency-specific threshold. if ways can be found to 
stabilize the cortex in the required stage of wakefulness. 
2. Distinction between different types of hearing loss using brainstem response 
data 
The second aim of the present study was to investigate the reliability of brain-
stern response audiometry with air conducted click stimulation for distinguishing 
between different types of peripheral (i.e. cochlear. conductive. mixed) hearing 
loss. The position of the I(L) curve of peak V (including the threshold point) 
relative to the reference curve was considered the main piece of evidence in 
making this distinction. Therefore the inaccuracy of this curve was studied. 
It was shown in a test-retest experiment (chapter Ili) Lt}at the inaccuracy of the 
latency of peak V is about 0.1 ms at high stimulation levels and increases to 
about 0.2 ms near the threshold level. Because the horizontal shift of the I(L) 
curve (in dB) is an important factor in monitoring conductive hearing Joss. the 
inaccuracy in latency (in ms) was converted into an inaccuracy in level (in dB). 
For the longer latencies the inaccuracies in level appeared to be smaHest: <4 dB. 
For latencies shorter than 6 ms there is a sharp increase in the inaccuracy in 
level. to more than 13 dB (chapter lll. fig.!). Therefore we excluded the part of 
the curve with latencies below 6 ms in further calculations of the horizontal shift 
of the l(L) curve in chapters IV to VI. 
To distinguish between different types of peripheral hearing loss the position of 
the I(L) curve was analyzed by studying the following three aspects: the response 
threshold and the horizontal and vertical shift of the I(L) curve relative to the 
reference curve. An extra parameter was introduced to make a distinction between 
horizontal shift (typical for conductive hearing loss) and vertical shift (occasion-
ally present in cochlear hearing loss): this parameter was the horizontal shift of 
the derivative of the l(L) curve (chapter IV). 
Thus. we disregarded the possible change of shape of the l(L) curve. Changes of 
shape do occur however. especially in cochlear hearing loss. In an early stage of 
the investigation curve-fitting procedures were applied to all i(L) curves in order 
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to find whether there was any relationship between changes in the shape of the 
l(L) curve and the tone audiogram. The curve-fitting procedure was quite success-
ful: a negative exponential function could be fitted through the l(L) curves with a 
mean error of 0.2 ms. However. no sensible relationship could be established be-
tween any shape parameter and the pathology or any other properties of the tone 
audiogram. Therefore it was considered not feasible to make a correction for 
changes in shape. We had to accept the extra variance in vertical and horizontal 
shift that are caused by changes in shape. 
The three aspects mentioned - the response threshold and rbe horizontal shift of 
the l(L) curve and of its derivative - were combined into linear "classification" 
equations using discriminant analysis. 
This procedure was demonstrated to provide a useful method for distinguishing 
between cochlear hearing loss and hearing losses with a conductive component as 
illustrated by the following figures. The brainstem-classification "cochlear hearing 
loss" agreed with the audiogram type in 86% of cases (mixed: II%: conductive:3%): 
the brainstem classification "conductive hearing loss" indicated a conductive com-
ponent in 100% of cases and the brainstem classification "mixed hearing loss" did 
so in 86% of cases (chapter V. table Ill). The method was unsatisfactory for dis-
tinguishing between purely conductive and mixed hearing loss. 
The use of brainstem response audiometry in children without narcosis or sedation 
is complicated by the i~possibility of measuring the response threshold in 15% of 
cases because of the restlessness of the patient. Ii1 order to ascertain whether the 
method is nevertheless applicable for such patients this situation was simulated in 
our data on adults by randomly truncating the lower level parts of the l(L) curves 
(chapter VI). Analyzing the position of these truncated I(L) curves (i.e. without 
the response threshold) we obtained results similar to those just described (chap-
ter VI. table IV): the brainstem diagnosis "normal hearing" excluded a conductive 
component in 98% of the cases and the brainstem diagnosis "cochlear hearing loss'" 
did so in 79%: the brainstem diagnosis "conductive hearing loss" correctly predict-
ed a conductive component in 94% of the cases and the brainstem diagnosis 
"mixed hearing loss" did so in 90%. The distinction between normal hearing and 
cochlear hearing loss could not be established without the response threshold. 
The reliability of a method is often expressed in terms of sensitivity and specifi-
city. If one wants to apply this approach to the results of the present study. this 
could be done by considering each brainstem diagnosis (including "normal hearing") 
against the total group of subjects. From table V in chapter VI it can be calcu-
lated that the brainstem diagnosis "normal hearing" has a sensitivity of 100% and 
a specificity of 91%. The sensitivity and the specificity of "cochlear hearing Joss" 
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are 67% and 97% respectively. Prediction of a conductive component was done 
with a sensitivity of 88% and a specificity of 93%. 
It can be concluded that brainstem response audiometry. with or without the use 
of the response threshold. is especia'lly a usefuJ instrument for the identification 
of the conductive component in a hearing loss. For clinical practice. this means 
that the brainstem diagnosis "conductive" or "mixed hearing loss" is an indication 
for ENT evaluation and treatment. Because of the poor distinction between purely 
conductive and mixed hearing Joss we have to be alert to some cochlear hearing 
loss remaining after treatment of the conductive hearing loss. Audiometry must be 
repeated in cases where there is any doubt. It can further be concluded that the 
brainstem diagnosis "cochlear hearing loss" is highly reliable provided that the 
response threshold can be measured. In that case the usual further treatment and 
instruction that goes with the diagnosis should take place without delay. When no 
response threshold is available it is only possible to exclude a conductive com-
ponent. If this has been done. reexamination under sedation or anaesthesia is the 
logical next step to exclude cochlear hearing loss. 
The clinician's diagnosis. of course. is based on more information than brainstem 
response aUdiometry alone. A combination of brainstem response audiometry and a 
good patient history. ENT -examination and tympanometry are essential if one is to 
come to an optimum judgement and clinical decision. The evaluation of the relia-
bility of the combined clinical data is beyond the scope of the present thesis. 
An alternative method for acquiring response data? 
It would be a very welcome improvement if brainstem response audiometry could 
be made less time-consuming. One promising development in this respect is the 
idea of Thornton. of Harvard University (Thornton et al.(l985). Kileny (!987)). 
who proposes to replace the assessment of the mean amplitude of a response peak 
by comparing the distribution of the response amplitude with stimulation with that 
of the background noise. i.e. the "response" without stimulation. The method 
provides a real statistical test of the signal-to-noise ratio. in which both the 
mean and the standard deviation of the amplitude distributions are used to detect 
a response peak. This method probably requires fewer runs per stimulation level 
for the recognition of a response peak. If that is the case. the determination of 
the response threshold will take less time. A second advantage is that the 
subjective judgement of the observer as to whether a response contains a peak or 
not. will be replaced by an objective statistical criterion. 
At this moment the general principle described above is used in a patented hear-
ing screening device. Unfortunately the specifications of the method have not 
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been published. Therefore the basic research for that method must be repeated if 
we want to implement it for more elaborate investigation of hearing disorders. 
Effects of the specifications of the technical equipment on the I(L)curve. 
The quantitative roles for classification as demonstrated in the present study de-
pend on the shape and position of the l(L) curve in normal hearing and changes 
in the curve due to ear pathology. The shape of the l(L) curve. however. can be 
influenced by the measurement conditions. Theoretically the filter settings of the 
equipment used in data acquisition and the stimulus wave fonn can be expected to 
influence the shape of the l(L) curve. In a pilot study we compared the shape of 
the l(L) curves measured with different types of headphones: a TDH 39 and an 
MSH 49. The l(L) curves measured using the MSH 49 headphone seemed to be 
slightly steeper and less curved than those measured using the TDH 39 headphone. 
Therefore the linear classification functions used in the present study are not 
necessarily applicable without modification in other clinics. Further research is 
has to reveal to what extent the shape of the l(L) curves and the resulting clas-
sification functions are effected by the measurement conditions. We are convinced 
however. that the principle of the method is generally applicable. Since the l(L) 
curves in a large number of settings have been demonstrated to show only slight 
differences in shape (Lazor and Melnick (1984)) probably only small deviations 
from our results will result. even when the classification rules are applied without 
further correction. 
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Chapter VIII 
Samenvarting 
Voor een goede behandeling en begeleiding van slechthorende kinderen is het van 
groot belang. dat de diagnose slechthorendheid zo vroeg mogelijk wordt gestelcl. 
Voor de vroegdiagnostiek van slechthorendheid is hersenstamaudiometrie bij uit-
stek geschikt. omdat bij deze meetmethode medewerking van de patient niet 
vereist is. 
Doel van dit proefschrift is de validiteit van hersenstamaudiometrie te testen. 
door de resultaten te vergelijken met die van toonaudiometrie. 
Aangezien voor toonaudiometrie medewerking van de patient wei vereist is. moest 
voor deze vergelijking gebruik gemaakt worden van gegevens van volwassen pa-
tienten. 
De vergelijk.ing betreft twee aspekten van audiometrie. te weten de bepaling van 
de omvang van het gehoorverlies en het onderscheid tussen verschillende soorten 
gehoorverlies. 
In dit proefschrift wordt het reeds uitgebreid bestudeerde onderscheid tussen 
cochleair en retrocochieair gehoorverlies buiten beschouwing gelaten. 
I. De hersenstam responsdrernpel als maat voor de omvang van het gehoorverlies 
In hoofdstuk II en VI wordt de relatie tussen de hersenstam responsdrempel en de 
toondrempel onderzocht. De beste correlatie tussen beide testen wordt zowel bij 
cochleair als bij geleidingsverlies gevonden bij het gemiddelde van 2 en 4· kHz. De 
correlatiecoefficient tussen de objectieve (hersenstam res pons-) drempel en de 
subjectieve (loon-) drempel is 0.93 bij cochleair- en 0.84 bij geleidingsverlies. 
Zowel bij cochleair verlies als bij geleidingsverlies is de relatie tussen de hersen-
stam responsdrempei en het gemiddelde van de toondrempels bij 2 en 4 kHz een 
op een. De standard-errors of the estimate zijn respektievelijk ll.l en 8.4 dB. 
Met behulp van een test-retest experiment. beschreven in hoofdstuk II en lii. 
werd aangetoond dat de hersenstam responsdrempei even nauwkeurig gemeten kan 
worden als de toondrempel. De onnauwkeurigheid van de hersenstam responsdrem-
pel is minder dan 4 dB. Dit is in dezelfde orde als de toondrempel bij 2 en bij 
4kHz. 
ln tegenstelling tot eerdere berichten in de literatuur (zie hoofdstuk II). kan 
gecondudeerd worden. dat de hersenstam responsdrempel een even goede maat is 
voor de omvang van gehoorverlies bij 2 en 4 kHz is als het toonaudiogram. onaf-
hankelijk van het soort gehoorverlies. 
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2. Onderscheid tussen verschillende soorten gehoorverlies 
In verband met de zeer verschillende behandelingswijzen van cochleair en conduc-
tief gehoorverlies is het van klinisch belang. onderscheid tussen deze twee soorten 
slechthorendheid te kunnen maken. In de hersenstamaudiometrie is de positie van 
de "latency-Level curve" (l(L) curve) van de vijfde piek uit het hersenstam res-
ponsiepatroon ten opzicht van de referentiecurve voor normaalhorenden het be-
iangrijkste instrument. 
Dit was aanleiding om de meetfout van de I(L) curve te bestuderen. Met een test-
retest experiment (hoofdstuk Ill) werd aangetoond dat de meetfout van de latentie 
van piek V toeneemt van ongeveer 0. I ms bij hoge stimulatieniveaus tot rand 
0.2 ms in de buurt van de drempel. Daar voor de diagnose en het vervolgen van 
conductieve gehoorverliezen de horizontale verplaatsing van de l(L) curve {in dB) 
van belang is. werden de meetonnauwkeurigheden van de latenties (in ms) omgezet 
in meetonnauwkeurigheden in niveau (in dB). Voor de lange latenties blijkt de 
onnauwkeurigheid in niveau het kleinst te zijn: <4 dB. Voor latenties korter dan 
6 ms neemt de onnauwkeurigheid in niveau sterk toe tot meer dan n3 dB (hoofd-
stuk III. fig. I). Daarom werd het gedeelte van de curves met latenties onder de 
6 ms uitgesloten bij verdere berekeningen van de horizontale verplaatsing van de 
I(L) curve .jn de hoofdstukken IV tot en met VI. 
Voor het maken van onderscheid tussen de bestudeerde typen gehoorverlies werden 
drie aspecten van de positie van de I(L) curve onderzocht: de drempel. de hori-
zontale verschuiving van de l(L) curve en van diens eerste afgeleide ten opzichte 
van hun referentiecurven. Deze drie aspecten van de l(L) curve werden gecom-
bineerd tot lineaire "classificatie"-vergelijkingen met behulp van discriminant ana-
lyse. Genoemde procedure blijkt een bruikbare methode op te leveren voor het 
onderscheid tussen cochleair gehoorverlies en gehoorverliezen met een conductieve 
component. De hersenstam-classificatie " cochleair gehoorverlies" is in 86% van de 
gevaJlen in overeenstemming met het toonaudiogram. De hersenstam-diagnose "con-
ductief verlies" wijst terecht een conductieve component in het gehoorverlies aan 
in 100% van de gevallen en de hersenstam-diagnose "gemengd verlies" doet dit in 
86% (hoofdstuk V. tabel lll). 
Bij kinderen. die zonder sedatie of narcose onderzocht worden. kan in 15% van de 
gevallen geen drempel gerneten worden vanwege onrust van de patient. Teneinde 
na te gaan in hoeverre de methode toch toepasbaar is bij dergelijke patienten. 
werd deze situatie gesimuleerd bij volwassen patienten door gerandomiseerd de 
Jaag-niveau gedeeltes van de l(L) curves te verwijderen. Na analyse van de aldus 
ontstane verkorte curves (dus ook zonder drempel gegevens) werden grotendeels 
overeenkomstige resultaten gevonden aJs beschreven in de vorige alinea (hoofdstuk 
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VI. tabel IV). De hersenstam-diagnose "normaal gehoor" sluit een conductief ver-
lies correct uit in 98% van de gevallen en de hersenstam-diagnose "cochlealr ver-
lies" doet dit in 79%. De hersenstam-diagnose "geleidingsveriies" voorspelt een 
geleidingscomonent in het verlies in 94% van de gevallen en dit geldt voor de 
hersenstarn-diagnose "gemengd verlies" in 90%. Zander de drempel kan echter geen 
goed onderscheid worden gemaakt tussen cochleair verlies en nonnaal gehoor. 
We kunnen concluderen. dat hersenstamaudiometrie. met of zonder drempelbepa-
ling. een nuttig instrument is voor de identificatie van een geleidingscomponent in 
een gehoorverlies. In de klinische praktijk betekent dit dat de hersenstam-diag-
nose "geleidingsverlies" of "gemengd verlies" een indicatie is voor verder onder-
zoek en behandeling van middenoorpathologie. Vanwege het matige onderscheid 
tussen zuiver geleidings- en gemengd verlies moeten we op onze hoede zijn voor 
een overblijvend cochleair verlies na behandeling van het geleidingsverlies. In 
geval van twijfel moet audiometrie herhaald worden. Verder kan geconcludeerd 
worden. dat de hersenstamdiagnose "cochleair ver1ies" zeer betrouwbaar is. mits de 
responsedrempel gemeten kan worden. In die gevallen is de gebruikelijke behande-
ling en begeleiding die hoort bij een dergelijke diagnose aangewezen zonder ver-
der uitstei. Wanneer de drempel niet gemeten kan worden. is het aileen mogelijk 
een geleidingsverlies uit te sluiten. Als dat gebeurd is. is herhaling van het on-
derzoek onder narcose of met sedatie de logische volgende stap. 
De klinische diagnose is. altijd gebaseerd op meer informatie dan die door hersen-
stamaudiometrie aileen. Combinatie met een goede anamnese. KNO-onderzoek en 
tympanometrie blijft natuurlijk onmisbaar voor een optimale klinische beoordeling 
en besluitvonning. De evaluatie van de betrouwbaarheid van dergelijke gecombi-
neerde klinische gegevens valt echter buiten het kader van dit proefschrift. De 
hier beschreven resultaten geven wei een aanwijzing omtrent het gewicht van her-
senstamaudiometrie in deze besluitvonning. 
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